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The liquid-metal ME .^33 systems study emphasis is placed on a
direct coal fired design using a bubbly two-component flow of sodium and
^	 argon in the MHII generator and a ^tankine steam bottoming plant. Two
^	 basic cycles are studied, corresponding to argon temperatures of 422 and
^	 1084°K (12U0 and 15DD°F) at the duct inlet. Corresponding to these basic
i	 cycles, a total of nine plant designs were sized and costed. The basic
I
^	 systems compresses a two-component bubbly flow of sodium and argon at
i $.27 ^IPa (120D psi) that esspands to about 2.76 NIa'a (CsOD psi) in the duct
system. The liquid metal and gas are then separated. The argon gives up
heat to superheat, reheat and generate steam, and to preheat the cambus-
tion air. It is then compressed and passed through the fired heater
where its temperature is again increased to 1D89°K (1500°F). i,ithium-
helium is assumed in one plant design.
The MHD duct system that was designed consisted of multiple
ducts arranged in clusters and separated by iran magnet pole pieces. The
ducts each with an output of about l0D Mod were in parallel to the flaw
but wexe connected in series electrically to provide a higher I^iD voltage.
Nonetheless the inversion equipment costs 20 %' of the total plant cost due
to the high currents involved at low--t^iD output voltages,
In analyzing the overall systems, the factors that were found
to affect most directly the cycle efficiency of this plant are the effi-
ciency of the MHD channel, compressor and pumps, and the pressure losses
associated with the large liquid-metal flows. These are areas of great
uncertainty, esneciall, i^ the large component sizes required far commer-
cial operation. The costs determined for both the fired and coupling heat
exchanger components were large, comprising nearly 355' of the total capi-
tal investment. Due to the large mass of liquid metal circulated, over
r
LA
.^
i
Yii
&3,090 £ /s (106 gpm) at the 5 . 51 ME'a (800 gsi) pressure head, the liquid
metal. pump costs and technology are critical system parameters.
With an assumed MHD channel efficiency of SO %, a pump effici--
encp of 90% and a 45% efficient stembottomixtg plant, the efficiency of
.
the 1089 °K {1500 °^'} combined liquid-metal steam cycle was 43 %. 'Phe cam-
plexity and high cast of this plant {$1. ,165/kW} result in a cost of elec--
!	 txicity of greater than 12.5 mills /AL7 (45 mills /kWh). i ,ower plant costs
can be achieved with lower peak cycle tempe;.atures but overall the energy 	 '
efficiency is penalized.
With these relatively high plant costs and with the low paten-
tial for improving cycle efficiencies over conventional plants, commer-
cial development of this plant would not appear warranted.
;>
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ll. LigIIYD-METAL MAGNETOH.YD1tODYNAM^?C SYSTEMS
11.1 State of the Art
The liquid-metal magnetohydrodynamic (LM-i^ftID) power conversion
cycle is a developing technology where progress to date has been in the
basic theoretical studies of the thermodynamic cycle (s) and sma11-scale
experimental test programs (References 11.1 through ll.^). Probable
levels of performance, component technology, and plant costs, howevex,
have not been established fnr commercial-size systems.
The basic liquid-metal M^#D cycle operates by accelerating the
liquid through the magnetic field with a gas and, in same instances,
maintaining desired velocity by leaving the gas in the liquid for
further expansion in the ^4II] duct and nozzle. Eaur of the options that
exist for embodying thi's cycle in concept are
• Nozzle fluid acceleration and gas separation (separator type)
s ln^ector-condenser (two-phase condensing type}
• Bubbly flow {Brayton-type-cycle)
• Slug flow {same principle as bubbly flow),
Present technology and experience have indicated that the two-
component, bubbly-flaw, Brayton-type cycle {using an inert gas as the
drawiz►g fluid and a liquid metal as the prime conversion or electrodynamic
fluid) offers the simplest and closest available technology. On th3.s
basis, the Brayton cycle was selected for the systems evaluated in this
study.
This cycle has been under development in several countries, for
several years, but particularly at Argonne National Laboratory, where it
was funded primarily by the Office of Naval Research and the Nat^:onal
Science Foundation.
l l-1
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The factors that would appear to limit the thermodynamic
potential of this cycle are the limits imposed by practical design
and safety considerations on liquid metal and structural temperatures
and pressure, and uncertainties associated with the efficiencies of
the components.
Operating a liquid-metal system above the atmospheric boiling
conditions would impose design safety considerations that Lead to
significantly increased costs and risk. For sodium and lithium systems
a maximum temperature of about 2088°K (1500°F) represents an upper limit
that would appear practical. Materials and component design technology
to this temperature level are not developed for liquid metals, but the.
significant advancements being made in the breeder reactor programs should 	
i
provide a well-founded technology springboard.
The necessity for minimizing liquid-metal vapor carry-over in
the gas in the lower temperature portions of the cycle and the relatively
high flow void fractions needed within the working fluid to achieve
maximum Mho duct efficiencies require high duet inlet pressures, 5.516 to
8.27 MPa {8D0 to 120D psi). Such system pressure levels can restrict
large-scale designs. This consideration, along with certain law voltage
limitations that arise with this particular MFID conversion process, lead
to small size, multiple ducts that are operated hydraulically in parallel
but are connected electrically in series. This arrangement, however,
magnifies the electrical end and friction flow losses far the duct and
related eampanents. These practical design considerations suggest that
a single, liquid-metal MHD duct be limited to about l00 Mee or less.
large plant sizes (604 to 3D00 Mole) would utilize modular duct constructior.
For-such case& the ma3or cast benefit from large-scale plants would be
in the economics of the larger heat exchange equipment.
With the emphasis an direct coal-fired system , the combined
IIIi^] steam binary power plant would appear to offer tine maximum potential
for perfortaance. Within the temperature limits cited above, and based
on current steam plant technology, the thermodynamic efficiency cf this
11-2
11-3
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combined cycle would range around 45X. Current or very near term emission
control technology should be adequate to minimize the environmental
impact of this power plant.
The factors that affect the cycle efficiency of this plant
most directly are MEiU duct efficiency, compressor and pump efficiencies,
and the pressure losses associated with the large liquid-metal flows.
These are areas of great uncertainty, especially in the large component
sizes required for commercial operation, and are subject to varied expert
opinions. The principal system technology and component designs, therefore,
have been reviewed with regard to the current state of the^art which is
briefly summarized in Table Il.l. None of the icey system components
reviewed were found to be sufficiently developed in the required
commercial sizes for LM-MHIi . systems. The results of this study, then,
are compared on a relative basis. Specific conclusions on performance
and cost are made but should be considered preliminary in that with
increased understanding of large-sca:Le LM-MiiD component design perfor-
mance, the various cost tradeoffs would change.
11.2 Tlescrintion of Parametric Points_ ^n Be Inves^ated
11.2.1 Selection of Parametric Study Paints
I	 Table 13..2 summarizes the E,M--MEip cases studied and the major
variable (s) that characterize each of the cases. Common assumptions can-
;	 cerning each case ors also listed. Eighteen cases axe shown, including
+	 the base case (Point 16). Thermodynamic state point data and plant effi-
ciencies have been developed for each of these cases. In concurrence
with NASA-Lewis technical direction, however, only ten of. these cases
have been completely carted. 'The costed cases are indicated by an aste-
j	 risk. The noncosted cases represent direct variations of the base case
that result in decreased system performance and only a nominal change in
the raajar factors that affect costs. The ten costed cases reflect varia-
^	 tion of the parameters that were found to impact most directly an. plant
performance and cost. These variables include:
E
* Letter from T+T. .3. Brown {NASA Lewis} dated April 22, 1975.
^_ .
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Table ll . l Summary of Status of Liquid -Metal, MFII3 Keq Component Development
Component	 Summary of Development Status and I',xpexience •^,^,	 ..
MHI?-Duct	 • latensive theoretical studies in p-ogress
• Mosb experience with burn--component-homogeneous ^TaW
• Small-scale tests show duct efficiencies tca 54^;
xrends in data and theory suggest higher efficiencies
are •obtainable
• ?^.ajor duct losses are^slip and elea .trical end lasses
• Materials compatability at 922°K {1200 °F) agpears
•	 near term, constant temperature operation favoXab3.e
Mixer	 a Ho design basis available for high void.fractions
required
Nozzle s. -Test conducted an small nozzles with two--phase-flow
show efficiencies to 85^
o Data an material erasion problem at high temperature
required
s Apglication of jet pump at high voids needs to be
demonstrated
Separator • Several design concents .uader evaluation
• • Separator efficiency to 99l, higher recovery may
require staged separators
• Energy efficiency to J0^
• Materials and design untested in commercial-scaly
systems
Diffusers s Single-phase flaw diffusers design technology established
® Achievable efficiency to 85 to 90.6
Liquid-metal g Sodium pump technology av^.ilable at low heads, low flow
^	 Pniaps ® Pump casts high; developzAent of direct sodium seals
required
e Technology extension to 922 °K (1200°K) deemed feasible
for near term development
Liquid-Metal m Adequate technology base available
^^	 Puxi.ficatian ® May require larger ..scaled system to be economical
!	 Meat Exclaange o Materials technology to 1088°K {1500 °F) needs to be
Equipment developed for utility applications
o Design basis for clean gas systems available
i a Flue gas/li.quid-metal materials compatability require
more cast•-effective design and technology base
ll-4
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Table 11.2 -^- Summary of Parametric P9inC hats for LM :1ND Study
Case N9. Combustor LlE-HHI] D9ttam Plant
^" 16* Hase case bixect coal - Na/A-1200 °T+,I200 psi $L•eam	 3504 psi
tit (Fig. ll.l) fired cyclone MHb Conversion ^ ft 1040°F/1000°F
1040 MWe base fur.:»et and Duct ^ 4.75iFump = 0.85 41et Coaling^
g^j load BtaF^: ComprassoX SfEiciency=0.85 Touer
,r./^ 30 yr life Illinois N9. G Coal Magnetic Fld. a 4.55T
.Indur:ti9n
r.^„y	 `" 1. b00 MWe Same as base case Same as base case Same as ' base case
2. 3000 HNe
" 'r
3. 1000 MWe Atm fluidized bed
^
t
4.* 1000 MWe(Fig. 11.5) ZSHD open cycle " No steam plant
^.	 `Gf^ 5.* " Pres. fluidized bed (100 atm)	 " Same as .base case
_ fi.* ^	 " Same as base Caso Li/fEe, 1540°F, 120D psi
7. " " NaIA, 1204°F, 440 psi.. "
8.* "	 (Fig. lI.G) " NaIA, 1500° F, 1200 psi "
w
Ei 4.* " "
-
Higkrcomp. efficiencies
- 10. " „ Lox-ramp. efficiencies "
lL* " " Liquid metal "
eiectromagnat3c pump
I2. * " " Liquid yuetal ,^
=
3et nozzle pump -
- 13.* "	 (Fig. I1.fi) " NaIA, 1504°F, 1200 psi No bottaa p1ariC-
OneQ-through cooling
lk.* Na/A, 1540°F, 1240 psi Same ae bas.e case
- High-c9mponent'eff.
15. " Same as case i4 Same as bass case
but higher cycle eff. . _ -
16. Hese Casa See above See above See above '
17. " " Hultietaged ducts "
1g,* " Atm fluidized bed Same as base case Samc as bASe case
Asaumnticns - Common to al]. Points
Liquid metal aerns9l carry-nver < O.i^ in gas
Purity level - 2 ppsx qy and 4.2 ppm Hz
Gas t9 liquid-moral reheat in combustor heat exchanger, but n9 dixect LH heating in combustor
Liquid metal system technology co^a9nsurate with liquid-metal fast breeder reactor
!4ID output voltage > 500 Vdc for converters to obtain 99^ c9nversioa efficiency
System design and component performance with exception of MEID Ioep will conform to existing central
poser etetion practices end &lI safety reouirements
t
-. Y .. ^	 ,	 ,.
n^- ,. ,-
:.	 -	 -
-__
W	 i
I
j	 • ^} duct efficiency
• Mme? compressor aad pump efficiency	 .
• MBD duct inlet temgerature
• MAID working fluids
• Steam bottoming plant efficiency
• Power plant cycle configuration
11.2.2 Discussion of Study Parameters
MFID duct performance at the flow rates and component sizes
j	 considered far the commercial plants in this study are without direct
experimental support and, therefore, require substantial extrapolation.
f	 Because of this uncertainty, a range of values (from 70 to 85^) of duct
i
	
	 efficiency were assigned for study. The lower numbers (70 to 75!) are
values that would appear obtainable in large systems, based an current
^	 theory and trends in existing data (References I1.4 through 1I.6).
As with any thermodynamic cycle, compressor and pump efficiencies
i
are important performance parameters. Large, highly efficient compressors
are state of the art in conventional gas turbine cycles. With the LM-MHD
system , hawever, the effect of liquid--metal carry--over (in the firm of an
aerosol ar oxide) on compressor performance has not been quantified. For
'	 these reasons, values of compressor efficiency of $5% and 87 . 5Y are used
i
'^
	
	
in the study. Values far the Liquid -metal pump efficiency were taken from
80 to 90^. Breeder reactor sodium pump studies indicate efficiencies of
around $5X (Reference 11.7),	 These are single-stage, low-head designs.
The duct inlet temperature and ^IIID working fluids affect the
i performance of the cycle in the usual, straightforward manner. The impact
i	 of these parameters on casts are significant because of component material
requirements. Two temperature levels were chosen, 922 °K (1200°F) and
1088 °K (1500 °F). The 922°K (1200°F) is considered as near term technology,
3	 but the 3.088 °K (1500°F) would require a longer range development program.
Liquid sodium and argon gas were selected as the working fluids for the
base case and all parametric points except for one study case. (Far this
f
case, Lithium/helium were used). Argon, although requiring significantly
larger flow rates, was chosen in consideration of the more limited he3,ium
13.--6
. ,.	 .
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resource and economics of recovery. Liquid sodium was chosen because
of the wider experience and technology base now existing.
11.2.3 Description of L^`^i-MAID/6team Binary Cycie Configuration
The direct coal--f ired combined LM-MB â/steam binary power plant
was emphasized in the study. Figure 11.1 shows the schematic d3.agram of
this power plant which represents the base case study point.
The major :.terns of the I^iD loop are the mixer, the rII-ID channel
(including superconducting magnet}, the nozzle-separator, and the liquid-
metal primary pumps. The other major loop components include the argon
compressor{s) and the interfacing heat exchangers. Not included in the
schematic but included as majox cost items are the power conversion
equipment (inverters, transformers, and circuit breakers} and the liquid--
metal auxiliary systems (such as purification, emergency dump, and storage}.
The Brayton-tyge MHI] cycle operates by mixing the inert gas and
liquid metal at high pressures to form a bubbly, homogeneous flow. xhe
initial void fraction of this mixture is,agproximately bS^. The mixture
is then introduced rota the ^ID channel, where the gas is allowed to ex-
pand through the channel carrying the liquid metal along. The inter-
action of the flowing liquid metal with the applied magnets_ field
produces the desired electric field. In the channel the gas phase is
expanded to a degree sufficient to produce a two-phase mixture of 8S°^
void.
^	 At the exit of the channel the two components are slightly
j	 accelerated, then separated (by momentum differences}. Both components
then progress separately through the system and are later remixed back
at the inlet of the I^SiiD channel.
Prior to being remixed, the liquid metal is pumped back to
its k^D inlet head condition, 8.274 MPa (120 psi). Three methods of
h	 dliquid-metal pumping were considered in t e stu y.
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Fig. 11 1 — Power plant flow schematic for the base i.ase f Point 1GI and Poinls 1, 2, 6, 7, 9 and 10
l See Appendix A 11.2 for state print valves for the base cases
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The high temperature argon gas, after leaving the separator,
gives its heat to a conventional 2^t.131 i^a/8l1°K/811°K {3500 gsi/1000°F/
1000°F) steam turbine plant. The gas is then cooled further, compressed,
and returned to the heat source {in this case, a conventional, atmos-
pheric cyclone combustor).
For the low-temperature base case [922°K (1200°F) sodium], the
steam plant bottoming the MHD cycle not only makes use of the sensible
heat of the argon but also receives heat directly from the combustion
system. Although this arrangement leads to • a more complex thermodynamic
cycle, it was found to yield the hest plant performance for this low-
,	 temperature case. The steam finish superheating €700 to 81l°K (800 to
i
	 1000°F)] and all the reheating is done directly in the fired part of the
system. Approximately 35^ of the total steam plant heat load comes direct-
ly from the fired system. The steam plant design uses no extracted
steam for feed heating but uses argon feedwater heaters instead. This
gives a lower steam plant cycle performance, but overall plant performance
is higher because of the heat rejection requirements on the i.M=rkID cycle
side that would occur with extractive feedwater heating.
Figure 11.2 shows the respective heating and coaling curves for
the two worlcing fluids (argan and water} at the interfaces) between the
two cycles--^.n other words, at the steam generator and cyclone furnace.
The argan cooling curve has been approximated by the straight line (i.e.,
constant specific heat) from 910 to 339°K (1178 to l50°F) corresponding
to a 15.7°K (30°F) steam plant condenser approach at 11.852 kPa
(3.5 in Hg} abs.
As seen from the figure, hflwever, this 1fi.7°K (30°I') temperature
difference does not represent the limiting pinch-point consideration. The
actual pinch point occurs farther along the cooling curve. Because of the
approximate nature of both the argon-cooling curve and the water-heating
curve [this curve will depend somewhat on pressure drop - 0.5894 MPa
(l00 psi} assumed herein] no attempt has 'been made to design to a given
pinch-point; instead, end condit^.ons were chosen that would he nominally
11--9 i
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acceptable and representative of a reasonable design approach«
For this base case design, single-stage compression preceeded
by an argon precooler was found to give the best system performance. fihe
argon precooler serves as the combustion air preheater. fihus, there is
no argon heat that is directly rejected to a water heat sink. Most of the
argon precooler heat is returned back to the MiiD system. fihe only portion
of the heat that is lost is ti:rough the combustor stack losses, the
specific quantity being dependent on the boiler eff iciency of the
combustor.
The compressor in^.et temperature is determined by the air to argon
mass ratio and the design effectiveness of tics trecooler. 'the air to argon
mass ratio is determined `^y interfacing conditions ^ t the c^^rabustor-grimary
heat exchanger. These conditions are the desired duct ^ln 3 :c temperature,
the approach temperature difference between the argon and flue gas in the
primary heat exchanger and the combustion characteristics of the coal.
The stack gas temperature will depend primarily on the exit temperature
of the flue gas from the primary heat exchanger and fire effectiveness of
the aix economizer.
i
	
	
If there were no direct firing of the steam plant in this base
case, the terminal argon temperature would be 450°K (350°F). Various
bottom cycle arrangements using this terminal temperature were investi--
gated to determine if higher (than the base case configuration) plant
^	 efficiencies could be achieved. Results showed that the heat rejectioni
and a compressor work requirement precluded any efficiency gain.
Figure 11 . 3 . is the schematic diagram for the LZi-l+fiii]/steam binary
plant for the 1089°K (1500 °F) sodium case, and far lithium/helium study
point. Because of the higher tEmperatures, supplementary firing of the
^;	 steam plant directly from the combustor could be avoided. 'i'he terminal
s
r	 argon temperature at the exit of the steam /argon heat exchanger (steam
f.
5	 generator) is 380 °K (225°F), which leads to a 350 °K (lT0 °F) compressor
^;
inlet temperature aC the precooler exit. The basic elements and compo-
nests of this cycle are otherwise similar ^o the low--tempexature base
case.
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Two of the cases studied in this program were all MHI]-type
plants. Point 4 uses an open-cycle IdHD plant to top the LM-i^ID.
Figure 11.E shows a schematic diagram of this aXl-MHD binary glant.
In theory, this combination could lead to relatively high plant
efficiencies since, with this combination, the temperature at which 	 '
energy conversion is occurring has been extei,ied for both the tapping
and bottoming cycle.
Point 13 is an all 1M--MtID plant. Figure 11.5 shows Che
schematic with this study point; once-through cooling was employed. The
companentG in this plant are essentially those previously identified in
the MFID loop of the base case. The major advantage of this all-MHD
plant would be its mechanical simplicity. Note in this case that the
total flaw rata is substantially larger than in the other plant configura-
tions (all are plants based on IDDD MGTe net).
In subsequent sections of this report further analysis is
made of these power cycles, which includes the determination of plant
efficiency and costs.
11.3 A^pxoach
11.3.1 Assumptions
The LM-MHI}study presented in this section was begun with the pre-
sumption of stipulated near state-af--the-art component performance and
a	 ff	 Re	 ce 11 7	 MHD duct conversion efficientc aversion a icsency ( feren 	 )	 y
and key flaw paxameters were fixed at estimated attainable, near-optimum
values. The study effort was, therefore, originally conceived to place
major emphasis on the overall power plant system optimization and perfor-
mance and cost assessments.
Early in this study, howPVer, the need was established not only
to develop same key component concepts for a full-scale system, but also
t
to establish perfor^ance estimates in mare detail in the MAID loop before
any overall system evaluation could be undertaken. The study of inter-
E
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and separator, and diffuser designs had to be undertaken before the cycle
performance of a commercial--size application could be calculated. Estab-
lished design technology and performance, and economic data were not available
for these areas. The resulting. study was, therefore, based upon signifi-
	 I
cant extrapolation of data for LM»iikID loop components, with resulting
uncertaint3.es and reduced ability to aptirnize a system realistically.
Discussion of more detailed application of the inert gas,
liquid metals bubbly flow system and present technology as applied to
this study is found in the study results in Appendix A 11.1. Calcula-
tional methods, flow models, and property data are considered sufficiently
Bevel©ped for argon and sodium to permit the first task of this study.
Subsequent sections and appendices (as identified in the text below)-
deal with other aspects of the design and evaluation of the system.
11.3.2 Methodology
The methodology used in evaluating the study points in LM-MHD
were as follows:
• Evaluate thermodynamic cycle for base case configuration
• Evaluate thermodynamic cycle for the parametric cases
^ Conduct preliminary design and costing of major components
^o....^... ^.^.^..
for the base case study point
	 ^
• Develop cost data information {capital and installat3.on) 	 °^
based on material, temperatures, and operating conditions,
for each major component
J
• Si.ze and cost the major system . components far each parametric
	
point based on algorithms developed from the base case dR ,': .,,is	 ^	 ` f
• Factor into the analysis steam planC cast data whexe applicable
	
• DeterEndne overall plant costs and performance for the required	 -
study points• j
The evaluation of the ISM-MHD thermodynamic cycle was dons wiCh	 a
the aid of a computer program. The purpose of the program was to identify _,
	the major system components in terms of the relevant thermodynamic and 	 ^
11 ^.6
,-
flow parameters. A description and listing of the program is given in
Appendix A 11.2. The major features of the program include
• Tncorporatinn of current analytical model (s) used for desr.ribing
duct performance
• Cycle configuration flexibility to allow for system optimization,
including various options for methods of heat rejection
• Appropriate iterative calculation procedures for interfacing
with the bottoming plant to attain desired overall power output.
Included in Appendix A 11.2 is a sample computer output listing
{base case computation) showing the calculated parameters.
Because LM-MFID ^.s not a developed technology, the sizing and
costing of the major cycle components had to be based on preliminary or
conceptual designs. The approach taken was £first to develop reasonable
design concepts and sufficiently detailed designs for the components that
comprise the base case to permit assessment, and then, extrapolate these
designs to the variations on the base case. This required rather genera-
lized sizing and costing algorithms far each u^ajor component.
Far instance, the conf i4uration and arrangement of the large-
scaled MEID ducts substantially affected the cast not only of the ducts
and magnet systems, but of piping and pumping requirements. The initial
design efforts performed in the conduct of this study contract ha-ie re-
sulted in developing somewhat innovative design concepts that ults^ately
led to reduced component sizes, piping, and costs. The designs and design
basis used for evaluating the base case, Point lb, are summarized in
Section ^.l.S as is the sizing and costing algorithm used far the MHD duct
and assembly and for the major heat transfer equipment. Included are
descriptions of the MHD duct assembly that include the mixer, nozzle, and
separator; the 1^ duct and magnet arrangement; and the preliminary
plant layout that identifies the relative arranpement of ttte major compo-
nent. The cost basis for determining installation of major components
and the materials costing data that were used to establish the capital
cost are, also included. Material selection far the various Oases was
11-17
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based on the recommendations made in Subsection 3.8. The basis for sizing
and costing the superconducting magnet system is given in Appendix A 11.3.
The power conditioning equipmetnt description and costs are given in
Appendix A 11.4. A description of the required liquid-metal systems and
subsys^ems are given in Appendix A 11.5. Included in this appendix is
the basis far determining the appropriate sizing and cost algorithms for:
• Liquid-metal mechanical pump{s)
• EM pump (one design only)
• Liq^^id-metal purification sybsystem
• Liquid-metal inventory and emergency dump,
A summary of the design specifications for the steam generator
and primary heat exchanger are given in Appendix A ll.b. (The theoretical
basis for the designs is given in Appendix A 9.3}.
The factors considered in indirect power plant costs and the
subsequent basis for calculating the total plant capit;.lizatian and cast
of electricity are described in Section 2.
11.4 Resul^^ of the Parametric Study_
3.1.4.1 Summary Tables
The schematic diagram previously shown in Figure 11.1 depicts
the base case and .several low-temperature cases as identified in the
title of the figures. The schematic diagrams shown in Figures 11.3
through 11.5 correspond to tY.e cycle configurations for the remaining
points. Tables i1.3 and 11.4 summarize the majn^. parameter data,
including flows, pressures, temperatures, and efficie_+ties for all the
parametric cases.
The two tables, one corresponding to the required costed points
and the second summarizing the noncosted parametric points, have been
arranged to shave the major variables associated with the topping cycle
configuration; major variables associated with the steam bottoming cycle,
and the parameters associated with the primary heat source (combustor).
The combined-cycle thermodynamic efficiency, power plant efrficiency, and
11-19
;,;
PAGES &^
Z^A^TI`X1
I.1-20
o..y. 157L^SY
TABIf ]L 4 -?.IOUID META[ MHD PARAMETRIC DAT0. - NON COSTED
Paramelrit Pnin1 2 5 7 IO	 t5 t7
Paver Out ut. MWe 600 3QD0 1906_ 1006 6G6 lbpb	 i pGp 1860
F	 -	 ltumin us x x ^	 X x
_
x k	 x x
-	 luid Be0	 clone C C FB FB C	 C C
Conversion Process Parameters
Gas Flow Rate	 Ib	 s 94Z 8 576	 ]	 1 6834 3914 16896	 27600
Li	 a{Q hlelai Flan Rale	 Ib	 s 714? 921 3 18832	 24 14[304 ]d282d !32089	 120710
Mass Ratlo
Li	 uid hieta^	 Gas 1	 26
_
25 28 10.26 12.1 13.1
Gas	 Steam
.30 8.30 8,30 8.36
_0.2.79
a
8.39 8.30 10.2 [0.2
Air Gas t89 89 0.205 0. ]B9 0.]89 0.159 0-323
MHO Conditions A	 a A N A Na
9uc11n[elTe m^, 	°F I ! 200 1200 1500 1506
Outllniel Press„ Alm 92 82 B2 82 3D 82 ffi 82
Ouct Press. R atio 3.98 3.08 3.08 3.09 3.08
Mr^netic Flux Density 	 iE5€A 0,55 0.55 0.55 6_55 0.55
75
0.55
.7
0.55
0.
0.55
.75Juct ] sentrebic Eli. 7 ^ .75
Compressor Effici en>^ CY	 _____
PumpfHitienty
0.85
U.85^
6.85
0.85
9.85
0.85
0.35
0.85
_0.85 _I
D-85
0.
0.75 O. BS 0.65
m r	 r	 let	 em	 °F 7 7 1 1 15 I
m r
	 r	 r s	 Ratio ^,^ 31^ .56 ^2 3.5^ 3.56 3.56
r	 ler	 Nedlveness 0.90 NA 90 ,¢90- . 0.96 790`
Li . q P! P fTafal-h^HD L	 1 I
Dud Grass PoNer. MWe
C	 le Net Poxer	 MWe R 144
f77n
5	 9
1^4.^_
!
7^_
I^31 d
1^_
1d2
q ^
X88.6
t	 3
d
MHb C	 !e Elfinenc 4,^24St_ . 0.031	 _4.9Q^.L 9^4i1. . MA -, _ 1
Steam PlantI3500	 si11000°FI1000°F
Gas Tem , Infet	 °F
m Tem°. Ou11e1	 °F	 _
1L-.- 1178 1178 } TB_ . 3142_ 1 180 ..
1,'^1
lA75
4
1852
1
° ^1- q 5 .4 @7i L&? d81ant	 wt
I	 m	 Gmbulor MWE 79 51 d
_Iii.
6.396.
11.4- __ T42. _12^
^.33b
^@__
4
--	 -
Ilill[SSIâD..{<yG.IC Elf.	 _.
_
°.39a_
r
Pressur	 Alm 1
tack Re'	 t Tem ,	 °F 3 7 37 27 711 337 37 7 7
I R-te	 ton	 hr
_
-
__
.87 Tr° e^--- ^._---
hermod namic	 ff	 4
.4.^._
40.8
4
__	 _
-Q..88_
^--
5 6
4^-
e _
d
39,8 . 411 2 _
5
_ 35,7.. b8.9
4
_35 0
4er Plant Etf 	 A
1	 ff
ilkwe _____
MillsrkWh
--	 --- - ---- - - -Fuel
r	 Maint.
otat
__
Tim	 nsliuC1ion	 -^^^^^^ -- -- -^-^- ---- - -- -^
Notes:
Where Applicable
	 Q Regenerator
Use Base Delivered Fuei Cost 	 Dotal, 3-Oucfs
Per Slags - 3 MHD Stage s 	 Steam Plant Parer Used for Compressor brives
t
i
overall efficiency for each case is also shown.
`	 A breakdown of plant costs into total. capital and electrical
i
costs {fuel costs, capital, and operating and maintenance) is given for
the costed cases (Table 11.3).
11.4.2 Description of Parametric Points
The first cciumn in Table 11.3 corresponds to the base case
Point 16. This paint represents a technology that was taken to be
relatively near term. The MEiD cycle is operated at 922°K (1200°F} and
$.27 MPa (1200 psi}. The schematic of the cycle was previously shown
I
'	 in Figure 11.1. The power plant bottoming this MFID cycle is a 24.132 MPs/
f
$11°F/$11°F (3500 psi/1000°F/1.000°F) steam turbine plant. This plant,
with no extraction fnedwater heaters, has a thermodynamic cycle efficiency
of about 34.5%.
{
	
	
The power plant efficiency far the combined cycle is shout 36%,
The cost of electricity far this binary power plant is estimated at
10.91 mills/N^.T {34.3 mills/kWh).
The relatively low plant performance for the base case
{Point lb} results from selecting relatively modest component efficiencies,
assuming a MHD duct efficiency of 75% and assuming 922°i^ {,Z200°F) sodium
temperature as the near germ development capabilities. In this low-
temperature case, an austenitic stainless steel was used as the mayor
material for component construction.
Paints 9 and 11 show that the base case plant performance in-
creases and plant costs decrease when the efficiencies of the mayor loop
components (compressor and pump) and duct efficiency are increased (see
Table 11.3 for specific values). Point 11 uses an LM pump as prime mover
for the liquid metal. Paint 8 shows that raising duct inlet temperatures
to 1068°K (1500°F) increases plant costs significantly. Point 14 shows the
combined effect of both higher component and duct efficiencies, as well
as a higher (than base case) duct inlet temperature. This plant design
showed the highest energy effi.Ciency of the costed study cases.
i I_	 I	 _	 I	 ^
Curve b80345-A
s
y
	45	 Potential with ^? D = 0.80,
^	 0 15	
^ = 0.45
	 -S
_.^'—o^ Potentia! with r^ = 0.80
•^	 ^ —
	 J
`^	 ^°	
°LJ
a ©	 8 Base Case Assumptions
^D=0.15
3
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30
1200	 1300	 1400	 1500	 1600
I.tVI-MHD Duct Inlet Temperature. ^'F
Fig 11.6—Summary and comparison of LM-MHD/ steam Binary
power plants
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Point 12 was a plant design based on replacing the large liquid- 	 ,
# metal pumps and drives with a two--phase nozzle diffuser pump. 	 A power
plant efficiency increase is obtained in this study case because, like any
Brayton cycle, there is a net back work obtained by allowing the gas to
work at the higher temperatures (i.e., pump the liquid metal) and by per-
' farming work on the gas {i.e., compressing) at the lower cycle temperature.
The analysis of this parametric point was made by assuming a two-phase
nozzle efficiency of 90% and a corresponding liquid diffuser efficiency of
959'.	 The combined component isentropic efficiency was then taken to be	 -
SbI.
Point b uses lithium/helium as the N^FID working fluids. 	 The
relatively high cost of this plank is the result of constructing many of
the loop components from a refractory metal.
} Paints 4 and 13 represent plant configurations that da not in-
clude a steam power plant.	 Point 4 is a binary plant using an open-cycle
MfiD power plant to top a liquid-metal MiiD plant 	 (see Figure 11.4).	 The	 i
.^
efficiency of this combined cycle was about 31%.	 This low performance is
i the result of the relatively poor performance of the liquid--metal tIIiD 	 ^3
i
i bottom plant.	 Improved performance would be obtained by taking a higher 	 ^^
f) temperature liquid-metal MHD bottom plant and better optimizing the inter-
.	 ^ facing between the two cycles. 	 Stody of this combined all-MEiD plant coo--
figuration, however, was limited to only one case.
C ,
Point l3 is an all LM-MFID power plant. 	 The system shows only 	 ^
i marginal plant performance and relatively high plant costs. 	 The high	 i
plant costs are due to both the larger duct size and flaw requirements 	 t
a
and the higher power conversion costs.	 This result is not unexpected,
since the net power output of this system is small compared to the total 	 ^
E;
output of the MHD generator, and parasitic losses have not been reduced. 	 ^	 g
i; ;
',
11.4.3	 Analysis of LM-1+fSD/Steam ]3inary Plant Performance
-	 - -
3' Figure 11.6 summarizes the results of the ^-I^ID steam binary
[' power plant cases and shows the potential for the system. 	 The figure	 ^	 -
^'is
t=
shows the combined effects of tem erature and duct efficiency an	 ewerp	 p	 ^
-
^
f'
,.. 3
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plant performance. The numbers in the figure correspond to the para-
metric points listed in Table 13..3. The solid line shown at the bottom
represents plant performance over the range of temperatures indicated.
This line shows the system potential based on relatively modest assump-
tions concerning Mid component efficiencies and a duct efficiency, n^,
of '75^.
The dashed line shows the potential performance of the combined
cycles, assuming the more optimistic Lei-IrkID component efficiencies. A
mayor effect here is the assumption of an MFID duct efficiency of 80X.
Point 15 is a noncosted study point where credit is taken for
increasing the steam bottoming plant thermodynamic efficiency to 4SX.
Power plant efficiency of this case is 43X, which represents the highest
obtained in the study. The plant costs for this case are expetited to
correspond approximately to those of Point 14, ar about 12.5 mills/^I,J
(45 :Hills/k4Jh) .
11.5 Capital and Installation Costs of Plant Components
11.5.1 Cost Dethodology
Nine power plants mere evaluated in the LM-MHD study for
estimated component capital and installation costs, indirect costs, and
balance-vf-plant casts•. The general approach taken in the evaluation of
the indirect and balanced g3.ant cost is discussed in Section 2. The
following paragraphs treat the capital and installation casts of fire
ma3or equipment.
Most of the mayor components associated with the LNi- MFID cycle
are not state-of-the-art designs. Preliminary designs of such equipment,
therefore, had to be develgped before reliable cast estimates could be
made. The general methodology that was used tv generate the component
cost data was as follows:
* Conceptual design of the ma3or equipment assemblies. This
involved establishing the MHI} duct and magnet arrangement,
i	 determining the number of flow loops, identifying the assembly
e
_	
..
-:•	 .	 .... ......	 ,.,
ti
r
I
interfaces, and specifying the requirements for system (or
component) redundancy
: Specifications of the design requirements for each major
component, such as operating temperature, pressure, flow,
stress level, etc.
• Preliminary design of components to meet base case operating	 ,
requirements
• Derivation of size, weight, and cost algorithms for each 	 ?
major component
• Development o^ cost data information (capital. and installa-
tion) based on material. selection, temperatures, and 	 {
required operating conditions.
,^
A summary is given in Table 11.5 of the algorithms that were
derived to determine size, weight, and cost of each major component. The
nomenclature used in Table 11.5 is defined in Table ll . b. Additional	 '!
^1
support:£.ve information on these relationships are given in the appropriate 	 ^^
appendices. A brief summary of the design and costing basis used for 	 ,-^
sizing and costing these components is given belnc^. 	 ^	 :^
3	 S^
11.5.2 MHD Duct and Magnet Costs
The i+4k-D duct and magnet components constitute one major assembly
E
requiring design effort to assure realism in bath the structural integrity
e
and the cost of the system. 'the basic assumptions from which the design
evolved were:
	 '
• Conformity to limitation imposed by current theory on the
electrodynamics of the duct
• ilse of current liquid -metal technology, where applicable
o Minimization of magnet and duct structure costs
0 Maximization of operating life and serviceability.
i
These consideratians ultimately led to the toroidal duct assembly arrange-
^	 went shown in Figure 11.7. The ducts are oriented vertically and are
f
grouped {three or more) in a circular configuration and interconnected
t
ii
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Table 11.6— Definition of Symbols
A =Surface area, ftz
Ac = Crass-sectivnalfla^ area, ft2
A s =Heat Transfer surface area, ft2
B	 = l^5agnet
C	 = Cvst Coefficient, ^ 1 ib ar ^ / ft , 51 #ube
CT = Tvh^i capital equipment costs, ^
d	 = Diameter of heat exchange vessel, ft
di =Inside tube diameter, in
dv =Outside tube diameter, in
F	 =Liquid metal flaw, ft31 s
f	 =Required liquid metal flow rate, gpm
!.	 =Length of component, it
Z =Average wldfh ar unsupported dimension, ft
Lt =Total tubing length, ft
m =Mass firnr+ rate, Ibis
MTD = Maan Temperature difference. °F
N =Number of ducts
n	 = Number of assembkies or units
Nl = Number at heat exchanger units
Nt = Number of tubes
p	 =Required liquid metal purity, ppm, ar tube pitch
A	 =Average pressure, psi
Q	 = Tv#al eat Ivad, gtul hr
Sd =Design stress, psi
V	 =Fluid velocity, ft/ s
1N =Weight, Ib
i;	 =Density of Material or Fluid, {blft3
8 =Angle
Subscrip#s
1 -Varying width plates	 m - Mvtaf or mixer
2 - G.ns#anl width plates	 n - Nazzle
d -Duct	 a -Out
g -Gas
	 p -Pipe	
^7RT^GINA^ ^,^.^^ ^.
i - In	 s - 5eparatar
Lm - Liquid metal	 ^^ ^^^ ^^^^^
^.1—Z7
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Fig. 11.7-1M-MHD duct assembly schematic
with iron pole pieces. Figure 11.8 shows further detail of the design of
the ducts, as wall as the design and positioning of the magnet with respect
to the ducts. The superconducting magnet and dewar sets are fixed to the
duct walls adjacent to the iron pole pieces. Thus, the iron pole pieces
shape the magnetic field to conform to the geometry. This configuration
easily meets the requirements far field uniformity and reduces stray field
effects. Further detail concerning design and specification of the magnet
and field requirements and the magnet and dewar designs are given in
Appendix A 11.3.
The costs of the magnet system were broken into cast of the
superconductor including dewar and refrigerators and cost of the iron pole
pieces. Conductor costs (a low field, Nb-Ti composition) were taken as $ll^/kg
($50/lb}. The cost of the iron pole pieces was based on the total weight
of iron used in the design, Iron casts were taken as Y1.5$j^g ($0.72/lb}
installed, (Reference 11.8). The algorithm expressing these costs was
developed in terms of the IUD duct design parameters. The formulas are
given in Table 11.3.
'fhe actual MHD duct portion of the assembly was costed on the
basis of the design that was previously shown in Figure i1.8. Designs and
costs for the mixer, nozzle, separator-diffuser, and liqui.d^metal return-
leg piping were based on the ribbed structual configuration uses fox the
duct design. The major items considered in the costing of the 2itiD duct were
the materials used for structural pressure housing, duct insulation, the
electrodes, and current leads. The costing of the other components {mixer,
nozzle, etc.) were based on pressure housing materials.
\_"
1`
1
The basic design used for the structural housing far all
pressurized components was a reinforced (ribbed) plate construction. This
'	 alloyed for minimum weight designs. The design basis for the pressurized
^ components is given in Appendix A 11.7. The costing of structural members
was based an total material weights and type. The generalized farm of the
equations used to calculate component weights is given in Table 11.5. The
specific cost factors and the criteria used for applying these costs is
i
given in Table 11.7.
y
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Fig. 11.8—Conceptual design for high pressure LM11-MfiD duct
Table i1.7 - Surosnary of Mater3.a1. Cost fvr L3quid..Nletal ^D Cowpanents
Component Material Total Cost $/ib ( ^'} llse Criteria
].. ^IIiD duct 316 SS	 (2) 8.25 All cases
2. Miib duct Mg0 Brick (3) 0,60 All cases
instaiiatians
3. Mixer 3i6 5S 11.25 Na/A - only temp. ^ 1200°F
Haynes 25 (4) 15.00 Na/A - only temp. > i200°F
^b ^3-Zr (5) 43.SD Li./He case
4. Nozzle 916 S5 $.2S Na/A — temp. ^ l2DD°F
Haynes 25 12.D0 Na/A -^ temp. > 1200°F
^ -1Zr 43.9D Li/He case
5. Separator/ 91b SS 14.25 Na/A - temp. < 12D0°F
r+ diffuser Haynes 25 18.00 Na/A _ temp. > 1200°F
w ^ --1Zr 43.90 La/He case
fi. Liquid metal (6) 316 SS 8.40 Na/A - temp. ^ 1200°F
piping and Haynes 25 22.4D Na/A -- temp. > 120D°F
fittings ^ -iZr 123,00 LijHe case
[1) lncludps material casts, fabrication and overhead as base, direct costs (na escalation or contingency)
(2) ^fateriai cost estimate - United States Steel - private rammunacation, fabrication cost
estimate -- Sanic's Corp. - private communication; overhead taken as 50^L of material and
fabrication costs
(3) Cost estimate obtained from Harbison/Walker Refractories Co. - private communication
(4} Haynes Metal. Ai1oy Data Sheets, ^^25, Union Carbide, Stellate Division.
(5) GEAP-14018 - UC--77, "VTHR far Process Heat," General Electric, September 1974.
(6} Casts based on CRBRP large seamless stainless steel pipe costs. Includes fittings, heat
tracing, standard insulation, fabrication and erection, Piping cost for Haynes & Nb--i2r
obtained by direct ratio of material cases
-°--- --
i
i
'=----^,
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The MHB duct insulation costs were based an the quantity of 	 's
magnesium oxide briclt required to line the two duct caalls. The current 	 j	 ::,^
leads from the duct were copper bus bars sized to handle approximately 	 '-
3.7 l^fA of generator total current. The cost basis for these leads was
,^
flat copper bar at $2.44/kg ($1.IQ7/lb). The total cast (including	 '
installation) o£ the electrode system was estimated for an MHIl generator 	
1
producing 1754 i^Te (tos:ali at $4 million. p'or the parametric case in
which the duct power d^:f€ered appreciably franc this design, electrode
cost was scaled licaearly with power output. 	 _
].1.5.3 Liquid-Metal Pumas and Subsystem Costs
A second major set of components that required design amrhasis
were the liquid -metal pump and associated liquid-metal subsystems, which
include the purification system and inventory and emergency dump capacities.
For these systems, available liquid -metal fast breeder reactor technology
was utilized to de;^elap sizing and cast information.
The liquid-metal purification system was designed with current
cold trap (aside control} technology as developed by Mine Safety Appliance
(MSA}. The basic criterion for designing and szzxng the system {see
Appendix A 11.5) is the assumed cover gas lea^C rate. The value chosen far
this parameter in this study was commensurate with current liquid -metal fast
breeder reactor design. The algorithm developed for costing the system was
based on cost estimates (made by ESA) for two different sized currently
available systems.
The liquid metal storage and emergency dump systems were sized
to meet inventory requirements. The costing of the system {as given by
the equation in the Table 11.5) was again based on current breeder reactor
design estimates. The casting includes piping, tank, heat tracing, and
valves.
11.5.4 Heat 'Transfer Equipment Costs
The major hest transfer equipment far which design and costing
11-32
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'•,^.d to be established were:	 -
o Primary heat exchanger (includes a coal combustor and the
^	 radiant and convective heat exchanger).
#}	 s Steam generator
i
• compressor intercooler (if used) and
i a The gas to air preheaters and recuperators.
In general, to obtain an economic and optimum heat exchanger
design, a trade-aff. ^must be made between tube size, pressure loss, and
heat transfer coefficients. This usually involves lengthy computer
solutions. 'fhe design approach used herein, however, was to make some
simplifying assumptions based on engineering experience that would avoid
the iterat -i.-rp solution. These assumptions were to consider only counter--
^	 flow shell and tube designs, treat only the controlling-side heat transfer
coefficients (i.e., neglecting water side where applicable) and, based an
F	 well-established experience, a priori select both a tube geometry (diameter
and pitch) and pressure drop. In all cases, this approach led to a reason-
f	 able design but one that may not be the most economical, considering the
total system.
A preliminary design was prepared for both the steam generator
and primary heat exchangers for thr: base case conditions. These designs
are summarized in Appendix A ll.u. The theoretical basis far the heat
exchanger designs is Che same as is given in Appendix A 9.3 of the open-
^	 cycle MEID study. For the remaining parametric cases, the heat exchange
equipment was modeled from these designs. In all cases, established
correlations and equations were employed to calculate heat transfer co-
x	 efficients, mean temperature differences, and pressure drops. With the
air-to-gas (or gas-to-gas) type exchangers, the designs were based on heat
s	 exchanger effectiveness, a concept widely applied in heat exchanger design.
^^	 Once surface area requirements were determined, geometry factors (tube
diameter, p'Cch, etc.) were employed to calculate flow area requirements
^y	 and, ultimately, overall physical size.
The overall cost of the heat exchange equipment was determined
from both tube and shell costs. The shell costs were based un material
iI--33
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Table 11.8	 5uwmary of Cost of Meat Exchanger Component Materials
Heat Exchanger Component Materials) Costs, $/lb Use Criteria
1. Primary heat exchanger Haynes 18$- 14.00a Flue gas temp. < 3000°F,
radiation tubes - 2 in id Clad 2 in i.d. Na/A
2. Radiation/convection tubes-- Cb-1Zr S0.2b Li/He case
2 in id Haynes 1$8 14.00 Flue gas temp.< 1800°F, Na/A
9. Convection tubes -- finned - 3l6 SS 5.83 Flue gas temp.< 1200°F, ^Ia/A
1.8 in id
4. Steam generator/precaoler 316 S5 5.48c ^.rgon temp. < 1200°F
^ convection tubes - Haynes l88 12.1 Argon temp. < 1500°F
i 1. D in od 1^Ib--1Zr 54.2 ^^./iie case
w
5, Shell Carbon steel, 0,67 A11 cases
lined
aCost data obtained from Reference 11.1 adjusted to 1974 dollars and coicrected
fer cladding.
b GEAF--14028-ue -77 "VTHR for Process Heat,''
cTube material. cost estimate obtained from Westinghouse, Tampa Nuclear Steam
Generator bivision, private communication.
4
{
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type, insulation, and weight. Tube costs were broken into material and
fabrication. The fabrication costs were based on the number of tube end
welds required, taken at $10 ner weld. This factor is approximately
correct for 2.54 cm (l in) 2iiameter tubes. Table 11.$ summarizes the
material and fabrication cost factors used far the different heat ex-
changer types.
11.5.5 Costs of Gas Compressors and Motor Drives
Guidelines for casting the large gas compressor were obtained
from the Westinghouse Gas Turbine Divisinn. From this information an
algorithm was developed that relates costs to the required compressor
flow rates and pressure ratios.
The motor drives used for the pump and/or• compressor were
costed at $36 per kW (installed), consistent with 1974-75 market prices
(Westinghouse Large Motor Division).
11.5.6 Steam Turbine/Generator Costs
'
	
	
Costs for the steam plant electric generators and turbine drives
(far those LM-MhD cases that used a bottoming plant) were obtained 'from
the Westinghouse Steam Turbine Division. The costs were derived from
the heat load and plant conf iguratian that was determined to be best suited
for the LM--MAID bir ►ary plant. The mayor steam plant casts, fcor the base case
study point and each parametric paint that involved a steam plant, were:
a Turbine/generators sets - $22.25/kW
o Turbine drives	 - $13.14/kW.
Since this plant did not incorporate extractive feedwater heating,
there were no feedwater heaters involved. The boiler feed pump and
auxiliary steam equipment costs were included in the balance of plant costs
(see Section 2.a).
11.5.7 Sizing and Cost Algorithm Computer Program
To he7.p facilitate the LM°MEID system analysis, the above described
sizing, weight, and cost algorithms far each majnr component were programmed.
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This program reduced calcu3-ation Cime and, in addition, permitted ^valua-
tion of the sensitivity of several independent design parameters in terms
of their impact an cost. This has allowed flexibility in establ7.shing
final physical configurations that are consistent with the imposed design
restrictions, as well as permitting physical sizes that conform to acceptable
commercial design practice. The computer program also provided a permanent
record of the data in convenient table form. Samples of such printout
sheets that summarize the results of the sizing, weight, and cost calcula-
tions for the base case and for Points 14 and $ axe shown in Tables 11.9,
11.10, and 71.11, respectively.
11.5.8 Component Installation Costs
The installation costs far the major equipment were determined
on the basis of the complexity of the particular piece of equipment and
its capital costs. The general guidelines used sre given in Table 11.12
{recommendations made by architect engineer Chas. T. l^iain, Inc.}.
Figure 11.9 shows the artist's conceptual plant arrangement prepared from
plan and elevation drawings of the plant design. The plan and elevation
' drawings ware used to estimate piping, installation, and balance of plant
requirements. As Figure 11.9 illustrates, most of the plant systems have
been enclosed in the protective building because of the high current re-
quixements between the MHI] duct and inverters. Figure 11.10 is the site
layout prepared for the LM-MFID/steam power plant base case.
71.5.9 Summary of Component Costs for Lti-i^iD Study _Cases_
In the LM-MIiD ten power plants were costad to determine component
capital and installations
 indirect, and balance of plant costs.
The detailed accounts listing, cost of electricity summary, and input-
,	 output sheets for the base case (Point l6} and for Points 8 and 14 are
given as Tables 11.13 through 11.21, respectively. A relative breakdown
of the major LM-i^SID component cork items for the base case is also shown
graphically in Figure il.11. The costs are shown as a percentage of the
total. A review of this figure shows that the actual MHI3 duct assembly
and magnet costs are small compared to those of other system components.
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Table 13.32 Summary of Sasis for ^sta.mating Installation Cast of Major
LM-2+^iD Components
Cast Basis, Y of
capital cost Criteria LM-MHD Components
1D Simple component in- • LM pump
staiiation on founds- • Li4 inventory
tions • L• M Amergency dump
• Compressors
• Motors
• Turbines
20 Eleetr^?ea3, equipment • LM auxiliary systems
and sophisticated • Superconducting magnet
support components • LM purification
• Inverters
• Transformers
• Circuit breakers
• Current conductors
4D I'ie^.a assembly • MHD duct and component
and erection assembly
s Support structure
• LM piping
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Fig. 11.9 — Conceptual corrgarrent arrargemenl far t M MFiDJsteam paver plant
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1.a ^ I8. ], MIS[ HOTERSrETG
1'3.	 2 SNIT"H3_0.R	 X	 '4C"	 P^4 KH-
2QC55E.9
347343.4
1.4L
1.35
.17
.45
4[7339.48
115487.55
494E2.65
17457$.']0
„'{ ]8. 3 COtf pUITrCABLESr7RAY5 F? 43?CCGC.0 1.72 1.3E 5794799.54 5971349 nS4
1:^' r
^
r
°718.	 4 ESOLttTP'a45' 3Ua
18. 5 LIGHTING 8 CDHNUK
P53C.HT TOTAL 7L4CCT COST
=7
K4lE
EN 3CCOUNT
597.'1
°F9855.9
13 -
11 G. 30
.35
3.833 ACCCU.yT
450.90
.43
T7TALs5
255p+^p.CiC
334449.56
755307x'.56
°^3pG.OG3
417[38.[4
6936474.52
cn
t
r "OVTR7Lr	 I'fSF47M^YT0.TLON19.	 1	 COltf'UTEtZ EACH l.0 <iCGCG.CC 15[LG.DD 6G!'CGU.CC 1F.CCC^.CC^
I9.	 2 OTHE4 ^0'.VT^OLS 54C^i 1.] 1 - u347^7.?7 1410D'.D7 1714'[['3.09 a413D0.pD
^ PERCENT TOTAL DIRECT CGS7 IN ACCOUitiT 19 ^ .f?£+ ACCOUlfT TOTALt2 172R CCC.GC' 656ECSC.CC
PROCESS faASTE 5YSTEHS _
27. 1 gOTTOH AS4 TPd 3'1.2 7f797T1.i9 9e3757.9i 3479'!71.59 863767.90
2C. 2 q RY A5H TPN 9.E ^1?8D7.E4 I5'k51.91 EI38D7.E4 153451.31
gyp.	 3 11ET SLURRY 7Pd ^" 0 1"95488.33 451522.43 1876435.33 951622.']8
7G. 5 OHSI7E CISPCSAL AG4F. 353.E 52[3.67 92P2.3G ^i 44996.p 9 3ZE4281.78
2 p . ^ 5EE pp 7RE g iM-NT
PER EHT	 IREGT CDS7
'4"a
EN
7
3Q ]Q3. g?9 ACCOUNT .O^fTOTALrS DC!80943E3.56 .004759123.52TOTAL ACCOUNT =
STACK OAS CLEAhIHG
21.	 i p Rc.CEPET4T4R =Bra .7 1"7]737.31 5204724.55 .,C .D4
2I. Z SCRUBBER H41C 1CCCCLC.0 21.42 r.82 Z141FSE7.75 Sts1?1°4.25	 ^,,^
71.	 3 HI5
	
STEEL °.	 ]U:T5 w^ •711 •GII •'7p .R4
pERCEHT ^CTAL DIRECT COST Ili ACCOUNT	 21 = °.332 ACCOUNT TOTALrS 2143.Ffi67.75 581?194.25
TOTAL DIRECT CDSTSrS 21324°824 .PC	 1L163175$,GC
r	 ,,, _..	 ., . -- ..,
....__._.r..r___
	 ^ -	 ^ ^r
Table 11.14 :CUBE CY;! E LIA'JI] '4:T g L °d3 SYSiE' .^,DST 7: ^_C:T7IC:TYryILLS/Kk.4t
FARAMfTRIC PG?hT NC.lf
^''^.
ACCOUNT RATEr LAFGT'	 RAT y r	 s/HP,
°=4C'NT -•^ ^	 f 7 13.50 15.07 21.55
TC7AL	 CIRELT CO^T^.! .0 3377?22^. 3'4742°_'+t. 274P77E76. 4170E434C. 4793E5E9E.
INOI4_CT
	 ^OSTrs :1.] ?9334377. 71?o35F1. 513=2193. 73377R43. 175131335.
PPOF	 °•	 UMf:ER	 COSTSrs b.0 2f4E1959. '7?7'4.'P.. Z3^^.CTE^e. 33365147. 3335055.
CONTiN3=N:Y	 ;USTrs 11.7 3E335^i4. "72I7?3. 41230533. 45977D77. 52732426.
SUB
	
TOTAL .L .0 42259212. 4f 37D7E':f. 9^79365C4. 5E_6^40CG. ETSECL?:6.
ESCALATION	 ^DST.s ;.5 14?C333d^^. t"2?S^942. 174345694. i?345E6Cf!. 235552254.
IN REST DURING CCN57+S 1C .0 I9S732948. 2cE5146^f.. 2^21UE^GE. 7.54I8^E4L. 3C1RE4S76.
TUTlII .'] 753794932. $'•^9A33?3. °3747]332.1 ^?33'^D44^.1213617120.^0. PIT4LL24YI')K. s
L-CS TT	 Gr	 ELEC-CAPITAL ?C.L :5...1874 27.75759 '•P.SCE9E
-
34 .1f'f.C4 4:.44X5
005	 OF	 = '^'-=TEL .7 °..F7943 4.50^43 4.:10443 9.6,^.943 8.6:'.943
COS	 CF ELEC-CF 2 HAZY .0 .9?71: .3371. .33712 .S3712 .53712
TO'fA:	 COST	 O'°L=: .^ 34.9x529 37.3:154 33.31351 43.54657 49.34°63
1C:DUVT a4T=. f.OVTIY''CVSYr ^=2.EVT
P:RCENT -5 GC ^C 11.GL 5.iC 2G.LC
TOTAL	 UIR.:i	 COST5r5 .7 377.77zTi. ]77 4 7757;. 174377575. 37797757;. 374977°75.
IhDInECT	 COSY.s S2.G 51E32293. '28221°3. 513'11°3. fi1P?:'.193. °_13321°2.
P70F	 R	 OW4E4 CDSTSri 3.- X3341?Ji. ')3372:1. 24373296. '039^-2^6. ?9397?75.
CONTINGENCY [DST+s 2L.0 -^P743078. C. 4122ki533. 16743878. 74975524.
SU3	 TOTALrL .0 437?55J3^. 7`Si993T?. 43]936504. 77544 ?347. 531F.75h84.
ESCALATION	 COSTss E.5 ISr3443TC. I:U9C72°7. 174^456 y4. I6E47^196. 1E61585?8.
IVTr9EST	 07.4IN3	 ^ONSTrs I,.S 13542.1977. 2?3787727. 2221492=^6. ?12151573. 237343144.
1CTAL	 C0.PITALZZA7I^N r! .0 765724323. ?'L x 949FF. 494470392. E°4065E1E. °Q_SL77560.
CO $7
	
0^	 ELE'-C q °IT g L 1'. .7 '_5.2151? 2T.P.3?5-' ?3.37o3b Z9.aa('S5 31.32561
COSST CF ELEC-FUEL ^ F..EC943 8.E['^;43 5.of.^?43 ?.60^4? A.Eic43
COST
	
OF	 = LAC-DP	 R	 'IAIN
.0
4311'
35.7E3p?
.33772 .33712 .9371.' .93712
41.3731ETOTAL COST OF ELEC ^[.885DF O.3F.351 '8.00!703
ACCOUNT RATEr ESCALATICN kATEr PERCEKT
or_°r.r4T °	 a' 6.5^ 3.17 13.0] 0^
IDTAL DIRECT	 CO STS r$ .L 374F7757:. ]74 .377576. 3"i4t?7757E. 37487757L. 214877576.
IV p I4ECT	 "OSTrs 51.7 5183-'.143. '1?32143. `1432133. 11332193. S1A32193.
PROF E OYNER CO^TSrs 9.0 24S9CZOL•. ?3°_9C2DE. 2393C2GL. 2°93 p 2CL. 'c9:SC?^6.
CONTINDEN;T CCST.E 11.7 41235533. 71?35533. 31236533. 71235533. 41236533.
SUB
	 TOTAL.s .D 44736504. 4°74365[4. 4974'6504. 4°7435504. 497936^C4.
ES;AL0.TIOV	 ^OST.s .^ 127953135. 174345634. X 216?7632. 279237463. D.
INTREST DURING CDNSTrs IC.G 2C9E85E23. 2^21882i6. 235123534. 2534L2C^4. 173115218.
TOTAL	 CAPLiALIZ0.TfON.s .7 337634?56. 8]777733?. 35'+C3955 q .1^^0^?o25Cl o. 671D51720.
CUSTT OF ELEC-CAPITAL I£.L 27.?14c4 ^9.60F96 3I.£13G5 '4.6772^ 22.36285
CO^^ OF °LE°-FUSE
CO	 OF ELEC` -OP 8 MAIN
.3
.0
4.']943
.°3712
?.60313
.°3712
3.Sf943
.93712
9.50993
.9271?
3.SC943
.92712
TOTAL	 COST	 DF ^L^: .7 37.46111 33.35351 41.3oC2D 74.22334 31.30340
lCC0U.V7 3ATcr INT	 DU?INS o3VST.?E^CEVT
lJTAL	 OIR.".T	 COSTSri
FEFCENT
.7
E.EC
374:7737'.
? CC
371?7570.
ID DD
3T43^7575.
12 `C
374d'^7575.
i^	 C^
3T48^7576.
INDIRECT COS5Ies F1.0 51E32293. °1?321°3. = 1P T Z193. 516?2143. '_1032193.
a4oF	 8	 DWV = R COSiSrs ?.; 24343?^^^. ?9?3C2''i. 233 ►J2U5. ?99942Q6. 2339p?^5.
CONTINCCNCY CDST.s 11.0 4123E533. 4123553?. 4123ES33. 4123E5?3. 4123E533.
5$u 33	 TOTApL S . q 437336507. 4'73355:4. 43733o5D4. 197936504. 497936504.
ESCAt.ATIOFJ	 COSTrs E.S 27434569+1. 1743466?4. 174345E94. 274345ES4. 174345E44.
INTREST	 DJQIN"a
	
CONSTrs 15.9 120?45985. 1723624'6. 222233205.
+^447L39Z.
237437309.
9Ef7I?495.1C29334424.
357752232.
TOTAL	 CA	 ITALIZATIGt;.S
CUSi	 OF	 "LrC-CA p CT4L
.0
1°".7
7S2`_2ED7Z.
?5.67352
°2.2457445
21.16:59
1
?3.3nu95 31.93123 34.37111
GUST CF ELEC-FUEL .0 8.LC943 3.6043 8.[[943 P.EC^42 3.6[543
Of'	 'L=^-OP	 4	 94'.Y .9 .3371? .93)12 .??712 .9371? .93712
^
OSi
OTAL	 COST OF ELCC .D 3E.15637 37.71312 39.3351 i1.^2724 4 .2476E L__ .
I
i
F{i
^'^!
Table 11.14 :LOS: ^Y=:" LI97I] t'_TiL "IC SPiT: +.	 CJST 9- ?_ECT'ICITYrYILLi/KW.41T
(ConCinued)	 FA°A`1C'F?C PC?k T n•G.1'
ACCOUNT ^A7Er FIYCC	 CHAFE[ RA7£r	 FCT
''4^_>IT tom.:: I4.'^' 18.JC 21.57 ?S.]^
TOTAL
	 OI4ECT
	
LU^TfrS .L ?74f77C7e. =74^77,57E. 374R77^1E. a'7ti27757F. ?7kE77S7E.
IVDI^^CT	 7^iTrt ^1.^ i1932t73. 1'1321?'.. 51:'?193. 51"32153. 11332133.
PPOF	 8 OwNfR CO^TGrt E.i 2^590200. °^°3C?f 6. °^53L•,^CL. ?i;99('2CL. 2559:?CE.
C7NTING_N_Y
	
COiT ► S 11.] '+123',533, 11235533. 41230533. 41235533. 41?365T3.
SUH
	
iOTALr: .L 4?7536504. 4'.7°36304. 45T9365r4. 4^79_'F5f.4. k:75.T.F.^F4.
ESCcAL0.TIUV	 ^DSTrB '.; 174345:94. 1^4345o?Z. 17+3'+Sa34, 174345b94. 17434534.
iN7REST	 OURI7:0	 C07:S7rE 12.: J2Z180"lDf, ^''21882[£. 22:'1_'820£. 2cI1282C• f.. 222132206.
i9T	 '_	 CAPIi0.LIZ4TFONrs
COS	 l`F	 ELfC-CAPITAL
-
2E.^
33V'i7'33'.
1E.^5Sk2
i;4U7]3?Z.
?.94!57
97447]392.
"O.20F°G
334474:3'.2.
35.76830
334V7^??2.
k1 .3°254
COST	 D^	 EL^_.-^7^1 .",6]943 3.0,143 ^3.uC943 3.6394 3.07983
CCSi OF ELEC-DP F MAIN .f371^ .53712 °^7I2 .9:712 °^T12
TOTAL
	
COiT	 D =	 .1=: .:3 'e,17597 33.39212 33.35351 45.3149^ 50.34510
0.CCDUV7 k47.r =U^.	 C^STr	 t/17^^0 3TU
FEFCENT	 cr .E5 1.54 2.EG 1.£2
i]T	 ]I4.^T	 COS1°_rt .] 37V?7757i. 374?77575. 37#971576. 174877570. 374977°75.
1ND^RECT	 CGST.s 5I.0 51032133. _1'32153. 51?"1193. 61832193. 518321°3.
p 90F	 6	 OYN = rT	 COiTSrt 3.^ 2333G20^. '3i?^2]5. 299'10?v5. ? 393i?Z70. 29390?^6.
CU:+ITTNGENCY	 COST.t 11.0 41236533. °22365'3. 412.3EF33. 4123£533. 41236F33.
SU9
	
iDTALrt .7 43733604, 417°3 = 5]4. 497930504. 437335504. 43793b504.
ESCALATTOK COSTrt £.c 17434694. 1?43456'.'4. 174345£54. 174345694. 174345654.
I'iTR^Si
	 O'JRIY3	 CONiirs l:.J 2?2138?70. ^?Z1342?0. 22219327b. 2221392Go. 2221892]6.
TC	 RL	 CAPITALI2ATICNrs .£^ 934470392. 2"447C3^2. P. y 447C352. 1,9447[`3°2. 8°_44703£2.
COST
	
OF	 £L_C-CAPIT4L 13.: ?9.3'530 33.39^9e Z3.30u^.5 Z3. 40590 24.30695
COST OF ELEC - FUEL .L 5.05437 C.EP543 15.2°311 5.32186 IC .33237
C7ST	 DF	 .LEC-OP	 B	 Y4IY .3371? .93712 .93712 .9371? .93712
TOTAL
	 COST OF ELEC .0 .:.tC845 ^°,3551 45.93719 56 .0 6593 41.0753°
N	 ACCOUNT PATEr CA°ACITY FACTCRr PERCENT
^ ^'_aC'vT 12.^' 4a.7a i7.II7 -5.0] ?0.^^
TD1A1.	 CIRCC7
	 COSTSrt .C' ?7427757[. 374577576. 374£7757£. 374R7757E. 37487'^B7S.
IYOI+.CT	 CDSTrt 51.7 51?32t33. 51932193. 318'2193. 51332193. 51832193.
POUF	 &	 OIdNER CDST^rs 8.L 2^^9( ^OF.. ?°^417204. 2992L2.CC. 2^9 y f^2C6. Z°S7C^.CE.
CUNTIN3EN,Y COST S I1.G 41235533. YI?3:',533. 412Te533. 412355]3. 41230533.
SUB
	 TOTALrS .0 43793E5G4. 4^793E^1'4. 49793FSf4. 4^793E^C^4. 45793£504.
^SCALA7I0Y	 ^DSTrt 3.5 174345574, 17434553. 1743k5594. 174345594. 174345594.
INTREST	 DURIhG CONSTrt IC.0 ?2218E2G6. .^.^21r8Z!C. ^221882fC. 2Z2Ib_20E. 2221882[6.
T7T4^L	 ^0.PLTlLIZBTIONrs .' 39447533? 't?447^332. 99'+47^33Z. 6944703nZ. 854477392.
COST	 D `^ £LEC-CAPITAL 1%.l 1f.1.4549^ 43.05450 36.74°P5 Z".8CE9F 24.21216
COST
	
DF	 EL6"- = U'l .] 9.f3843 3.50473 9.00543 9.60943 4.60943
COST OF ELEC-DP S MA3N .0 .^.713 .53712 .53712 .5375? °3712
TOTAL	 COST	 0=	 cL°_C .7 171.C]0?3 13.501]5 ^SB.29560 39.35351 33.75470
9r. ,^ ^
.^ •	 Q
-r^ ^5
Table 11.15
	 !'LOSE	 CYCLE	 LI3UiD kE7Al ?:ND SYS7Eh'
iCIDUVT
	 90	 1Jx P OY=Z.N11=	 P=4:	 ? LINT PDV	 DPE^4TIDV Ca :T	 !7ACVFEHA4LE CJST
q 11.777?D 1.24255 72.5°FE7 16.75156
7 4.39179 .51453
	 353.13753 .0^.00^
D .57^°E .0007; .CDDGC' .00060
14 .]"_]^37 .];,d7G	 1a.50L40 .DC9D0
18 6.5^EC0 .G^N"B .D000C .D000L
2D 17.59Y4] I.i!;^9
	
.0000^ .D+7CDD
71 17.6[60 q 1.7'='!C3 .60000 .!?CDCC
TJTA_5 51.35593 5.91.3+1 133.99706 li.7S25o
CLe;C CYCt^ LI^UIO METAL MNC `'YSTC4 "ASE CRSE INPUT
N^MIVAL
	 PONcZ•	 Mhf' 1771.7!170 ti^T	 ?D>JEZr	 YWE 349.6141
NOM HEAT	 R ATE n 	 E3TUIKL' -H4 SEGD.5725 NE7	 HEAT	 AATEr	 2TU/Nib -FF	 1C12E.742°
OFF DESI^aN Hc!T 4ATc .OJJD
CONOEHSER
NUMBER OF
A
TUEES/SHELL 13E2?.0457 TUEE'LEt'GTH^ FfiS Ea .05667
Ur	 TU/HR-=72-F 574.'1535 TER!1INA_	 TEM'	 OI F Fr = 5.00^7C
HEAT REJEC7i4A
D=SiiN T^MPr F 77.?070 iP°RJA^V•
	
F 15.6717
RANGE• F 23.CCDD ^FF DE`'IC y TEMP.	 F ^1.4GLC
DFf J=SISN ?RE Sr
	
LV ^? !	 .DD]D .P	 TUR9IVC	 3LADE	 L.N• IN 28.50 0
1 1600.060 2 .CGG 3 .357	 4 .CCC 5 P.000
v 255.073 7 3.5]0 3 1373.CD^	 3 '.'l0^ 1D 2.000
it 1.CGD 12 E^7.i'C^D 13 1.000	 14 .CCC 1°. .000
if 2.00] 17 19?.]•]] 13 3.DD7	 I9 S.00n 2a 2.50D
21 .D00 22 I93CC.GUO 23 27000.006	 7.4 2875.000 25 4CC.CDD
2b 734:71].077 27 1]07'].073 29 2]]77.]0]	 29 5'5D]0.00^. 30 .300
31 1.000 32 33CG.CL•0 33 7.606	 34 .300 35 .q 0 q
35 439]000.DJJ 37 507.]^7 39 1.DD0	 33 1,000 40 14340]O.ODD
41 405000.006 42 C6CC[rD.DCO 4? 1°_GLC.000	 44 1C^EfCO.CCC 45 641000.000
45 5.077 47 .O]^ 4? 3.007
	
49 2.00? 50 2.DOD
51 1.006 52 5.360
1 152.137 2 114.:76 3 4'1.225	 4 579 5 1.935
6 192.496 7 743.980 E I.GOG	 ° 3.SC6 10 1.060
11 1.007 12 711.00 13 174.^9G	 I4 1.635 15 5.360
r	 lE 269.200 17 485 . 400 I8 lAS .LCD	 19 2.710 'cD 256.000
"	 21 639.07] 22 125570].]"D 23 5]10]].070	 ^4 3jD7D.OD^ 25 27000.000
r	 2E 452000•OL'0 27 281000.OLD 2° 21000.000	 ?9 1000C,f'OC 3C 28000.000
^	 31 11770.0]7 3? 152007].]7] 33 6420'.7.^07	 34 ,35D70.DOr. 35 219000.000
36 .DCO ?7 .000 3P 36000.000	 ^3 13000.060 4D 484000.000
^i °!7]].0]7 4' .•137 43 .u00	 99 3147]070.070 45 3450040.0]0
i6 2g00DD.00D 47 24DCG.CLO 4:! 1937000.000	 4? Y9.COC.OGC FD 4490000.000
5} 99aD77.J]J 52 ?93]000.070 53 '830]7.0']0	 54 1747070.07^. 55 190DDDO.D00
5 2B000•OCC 5T 3GCC.OLO 5U 1L6C•G.DDO	 59 E700.000 6G 565000D.000
_.._.	
5 11 554007.007 52 ?170]0].D7D 63 4170;].]7]	 64 3336.100 fi5 1.000
66 69°5.606 67 1.006 6a 'E?ECCCC.DOC	 E9 145F000C.COC 7C 1.006V	 7
)^
1.727 72 2777370:.7]0 73 1112D0]].]DO	 74 Z34GD70.00n 75 25o0a0D.000
1270.506 77 1.00q T3 1.600	 79 1.060 EC 5530600.000
9 55377].007 B? 1.^}0D 33 I.COD	 '14 1.000 95 1.000
t*^ 	 86 330GUG•OGD
1.07;
D7
92
720600.060
1.700
88
93
3978.800	 69
^o750D]J.ODO	 ?4
3412.000
73'100]0.000
9C
95
149.UCC
^',^T	
96^ 19000OC.00G 97 363000.OLO 99 72ECC.000	 99 1.000 IGC
3550000.000
1.000
101 28Q7000.OU7 172 11270]].^JD 103 1.70] 174 23^.070.001 105 1.200
^^' ]OE .00L 107 1.006 109 .00C 109 .['CD 110 1.000
111 27000.077 LI2 9^.^00 113 15J.^07	 314 .OGC 115 .000
Table 11.16	 CL(`SC CYCL; LFGUI^ >+ E SAL " K' "Y:T.t' kCCCUhT LTSTIt:G
ACCOUNT k0. ? p AkCe	 UN 1?	 ,1f:0UNT T ' AT 2/UNi7 It`S 5,/UK27 Y.AT CQ^T + 2 Ih5 CCSTsS
S1TE L'EYELDPhENT
1. 1 L4ND COST	 uC4"	 13".'	 IC1`_."'	 .]]	 13^Sa.D^
^	 1. 2 CLEARI6IE LANL	 ACRL	 f C.7	 .CC	 FCC.C'C	 .Lc
I. 3 34AOINa LAN1	 4v° = 	 <_ ?'.'	 . 3^-	 ?L'DG. aE	 . E] q
i« y ACGESS RAILROA r 	M1LE	 ^.0	 '<<CCC.LC	 11";.CC.G:1	 S75CCC.CC
PC} ^^	 1. 5 LDOP 4SILFt71] T^SC; NIL' 	 ^.5	 1?"u7a,]^	 7r0GG.CG	 39G"sCG.aa1. 6 SIDIlrG R R T kCK
	 MILE	 .0	 125{!CC.CG	 8'CCL.GO	 .CC
i• 7 OTHr4 'IT T ^03T 'a 	 S"A:	 3:	 .72	 317".31.25
PERCENT TOTAL RIkEGT CDST IN RCCOUhT 1^- .[C2 AeCCU^r7 TCTAL+s 	 1444C?i.29
r	 EXCAVATION S P:CLINC
^i ^ "'• i "DHiy ] y c x CAVA TIQ y	 Y93	 I3S9::?.]	 .]?	 3•D^	 .]+]
1+^ pERC=HTLTOT'^L ]ERECT CDST I^J T4CCOUNT CC2 u^ +_.213 A^^]UA1T T]TAe^S C 2355a00.fl^
^-
a LSY7 ISL0. y 7 "ON"Z=T'
,, ^; ^	 ^ 3 w 1 PLANT T^. LDNCRCTE
	
YC3	 1N ?CC.f	 7C .LC	 BC .LC 12wIGC=G.C!'.
3• 2 SPrCIAL 5T4:f:TU455
	
Y,73
	 Z7'3C'3.`J^a•]0	 15ri.^3^ 243G^74'J.DG
•	 PERCENT TOTAL DIkEGT CDST IN ACCCUItiT 3 ^ I.?lE ACCCUNT TCTAteS 	 3711CP,E:.CC
^ .
• ^
3F39E.35
s4saoa.ac
cSCCL^C.CD
].7SCra0 :^^
387731.39
iT94427.6N
4Q77Da•[3^
3^dC4aL=.CD
34981CiD.GC
1464LGGwCC
R057aDo.DtJ
5514C{1G.CL
HEAT 8EJ£CTIDN SYST^H
y • 1 COOLIN3 FDHrRS	 = A_i	 1?.'	 .3]	 •] 7 ?7a3ri0^.. aG 13773DawAa
4. 2 CIRCULATING H2C 5Y^ EAGH	 1 . ^	 »CC'	 .GD 161883^ .Z7 2i7rE53.5C
y. 3 5UR^4^£ GO`1]'VSiR	 =T?	 535753.1	 ;a	 ,7^ ^179yy9.4 y	392037.69
PERCENT TOTAL DI&FGT COST IN ACCOUNT 4 = 8.17Q ACGCUt1T TCTAL*Z	 E5[i1284.69 3929[i91.1?M
r
STRUGTURAt FEATURES
5. 1 STAT• 'aTRUCTUR4L ST. iDV 	 2871.7	 554.'7	 1?5.97 i9iR75v.7Q	 573125.Oa
5. 2 5iLD5 6 ElURE<ERS	 TPH	 4I=.0	 18C'G,Lr	 75C . CC	 7552r4 . TG	 31466E?•6?
5. 3 CHThEHSY
	 =T	 4^7.3	 .7'^	 .7^.	 43597G.32	 557_606.3A
5. 4 STTtUCTUkAL FEATURES CL' CH	 1•C 1'^34C• CCwCa	 4CfiCCG . GC 143y CfC .GG	 4C5GGCwCC
PE RC°NT T070.L DI4-CT CDST I 'V ACCUU !IT 5 = 1.332 A_COUVT T7TAt:3 	 4493025 . F6 1975yDD.0a
3 UIE.D TNDS
6w i STATION BUILaTNL-S	 FT3 734CC[`C•C	 .IE	 w1E 11744CG.CG II74yGG•CL
6. 2 A4HINSTRATIDN	 ' T2	 i74s3•l	 1u . 77	 1'•F • OG	 150000 . ^7G	 14CODfl•OD
5. 3 kAREt10USE G $HOP	 C'T2	 s'. 000C.0	 12.LC	 asCC	 24f^GC!CeGC	 16CCOC.GG
PERCENT TOT4t 3I4S;,T C35T I y SCCD7'RT 5 = .7?? AC,]U,yT T7TALr3	 i5?440C.4C 14744DD.00
'UAL iANOLIN3 6 STORA'aL'
7. 1 COAL HANDLING SYS	 TPH	 41°.G	 .CO	 .GO 584C2D7.C2 «+E9C2G7.91
7« 2 OOLOHIT = yAN^. SYS	 TP-!	 =,3.5	 .7i	 .Oc'. 1x51151.52	 571545.39
T. 3_FUEL OIL HANG« SY5
	
CAE.	 g^5Ei'C..	 •CC	 .GC	 7946C.R6	 5x272.°1
PsRGcNT TOTAL ]IR:^T ^OST IN 4.""COUNT 7 = ?.77? A^30U yT T7T0.L+S	 ^97632^.i9 3125]25.19
= UEL °ROCESSTN3
8. 1 COAL DRY Eft B CAUSHEt TFH 	 415.E	 .Cs	 wCG 14S2F1r.iS	 57E2IC.Ii
8. 2 CARSONIZE45	 TP'i	 •]	 w00	 w00	 .a0	 •ax
E'. 3 GASIFIERS
	
TFH	 C	 ^f ;rG	 .CG	 •4C
PI[3^, .N7 T0^' gL ]IrT=."T 7D5T iH eC ;O:f^;T 3	 .i'S AC^9UNT T__^7A;.+8 	 1452315 . 15	 37' ?1(1.11
i
i
Tahle 11.16	 CLCCi	 CYCLE	 LIIIUiC 3'rTAt ";i'	 ''Y:';IN[ ACCCUN7 LIST?F:C(CanCinued) ?4R0.:i^T °IC	 ^7:1. 7 	"^,;.	 "
ACCOUNT NO.	 E nn`;E + 	 CF:TT AMCi:NT ;;A? a1UNI7 Th= S/L'}:ET wAT COS7+^ 3N5 :CST+4
FTRTNC SYSTEh
9. 1 7^ .Ort .,'1 .OGpERCEFIT TOTAL CIREC7 .^.DST IN ACC0::1^T	 4l a .0 r[:	 ACCCUtiT	 T:TALrS .CC ,CG
YAPCR GENERATDR	 {FI>tE1,F
1G.	 i 7 ]'1 .4C ,]4 wa4PEttCENT TOTAL DIRECT CO5T SA ACCC:lF.T	 lE	 _ .Cf'C A[COUNT TCTAL.S .CG .[G
ENERGY CCNl7^RTER
11.	 I q47 ]U^7 S*4U^7 5T?i!. KP '13.Y 1°^lk]3.33 723570.07 1341x73.]7 727.''.00.4^
I1. 2 bUCT INSULATSCN KP iLk.Z 42433 ,CG T7GnG.OG ^2493.G0 37CIIO.CC
Il.	 3 hT1tc4 KP .ri?.3 797770.70 31RCC4.S1E7 73?743+34 311C144o4G
1I.	 +{ NOZZLE KF 3.0 4rL^92.CL' 1•R1^G.QG 4F,4_2.40 181GLT.4G
tlw 5 SEP p 4 g TOR/3I^ = :15' 4 KP ?.? 52774.]C ZIi40.G`1 5?774,t14 21144.4L^
11. S LFi PSPIHG/CTTTTF:G/I!@S HP 2+r4.y 5"9£204.!'r 22'CGG4.GC 554R2CG.CG 223ZCt3C.GC
11.	 7 IRON POL-`5 KP x153.2 '373X.'33 333CuO.04 530327.flG 33344O.4II
I1. 8 AUx rQUTPhENT F ;Y5T£!' 1.0 .CC .t3G .C4 .GG
I1w 9 FfA5N'T 7^WA4 KP 4.a 33435.3^ 7^4CwG4 3°.43nw74 75G7.OG
11.1Q SUPERCON FEAC COOLANT PT3 1,2 !3F'93C.CG 1L616E.GO 53G93G,CG 1C^166eGG
21.11 RSSEH3LY SJPPORT STRUCT L.0 .]^ .GG .G4 .GO
1..7..12 L H PL'HPS HF °52.k ^'6?76CCC.CG 4r1=LGL.GO ^15176CCG.CO 46IPCGC.4L'
11.13 L !{ iNVE'NTrRY	 {.D3IUNIK° 277.' .7R944r]G 3714G.4s', 37i^949.II4 3714G.^J411.14 L	 !'!	 Ef7ER5E^,ICY	 OUN.P GAL "F41w3 ?^+=I4C4,.G0 2S°iCL.G4 '• 451kC+ L'.GG 2441CGa4C
w	 11.15 L H T^URE°I"STIOH 3PY, 1I73.o .7 i5^9"C.G7 1]7C.'+L13.ftq 5350904.44 1074004.II0
r	 13..16 OAS CUHHHESSGSi HP 295.0 31C35PG.G4 31Q3QL.GC ;1C3°CGwCG 31C39C.4C
u.	 11.17 iiOT04 ]YIV'S hS1 1.] '3'91724.^C 23IIGOQ4.D4 ?339I72D.IIG 23404GG.T14
^	 11.18 CAS 1NVENTGRY KF 278,C 4?0^O.GC? 4f GC.GG 4'cGE+G,CP kGG0.4E
11.19 OAS aIPE!^S K.° °.= 15975.7] x354.94 15970.04 635G.AG
11 .2G STEAM TURBINE -6EN MN !wG . CMG .GG .LsC .48
1PER^ENTI TY'UTALR^? RECT COST INR ACCCUE' T r 11T =i4.G[? ] ACCaUNT L T7TA1C. rS0 1 *:243E+]! ?^ 1.CG 135223C6.G0
COUFLTNG HEAT ExC}iANGER
12»	 1 CO{{9 H=A7	 cx"'3Ay ^ = R KP 7Ck2.3 ^?a7SC3^.]:1 d2k?430,70 32479x44.7] 92k?444.44
1Z. 2 OPEN CYCLE M144 Tp PPI!^C I.G .CD .G C' .CQ .GG
12-	 3 57E ppr ^^N=R4TDR
INSUC.AT^'ON
KP k777.3 24''L?434.]^ ?k1r4IIGw04 ?k329449.I1G 2k3;]4p.GG
12^ 4
P:.RCINT	 TOTAL ]I^£':T	 C7ST Iti
1w!'
7CTD'.:'Z7
	
12	 =^
7:'C^[fsCG.CO
?.104 ACCOUNT
4F7^II[^[^.GC
T7TAL+^ 1
7CCrC{rC.CC
? 3d074G4.:^4
4@7^CCC.GC
I6351000w44
aE0.T 7£COV = RY
	
`l4^1T	 ^xC-i.
13. 1 ATR pHEHEATERS KP 224p,2 91 c^33fG.L'U 91233EI.GC ?I233CO.GD 9Ic384.CG13. Z
33. 3
JAS a =^UP'R0.TOR5
COhP iNTERCOLLE+t
KP
KP
1.7
1,C
.74
.CC
.GR
.4O
,II4
.C:G
,GG
.G4
13.	 4 INSULATION KP i.3 °•k^37,ri.7^. ;w'+9x].44 S4?347.II`J 3ok8GCr4GPERCENT TOTAL 4IREGT COST SFJ ACGCUAT 13 = ?,;. 73 A: COUFIT TCTAL+^ E677. Ef [.CC 127713G.CG
^11ATER TREATMENT
I4w	 1 OE'{i^F£R0.LIZ=4 int{ 133.2 ?5?1.73 737.7? 343.74.^..04 97k44r441k. 2 CONCEN5ATE PCLISNINC KFFE 37rOGCwC 1.?5 .3C I4II75GL.L0 25144GwC4
P,RG.NT T]Tgt 9iREC7 _O5T IN	 3CCDl1N7	 !4 = .37Z ACCOUNT 77TA:.e$ I43Sk99.98 350444.04
ps
^^
r
_ - .._.^
tom.
-M„,^,	 --	
__	 ^	
- -
Tabie 11.16	 C! .•'"^	 CYCLi.	 LS;,iI'	 wLT,1 -	 ^Y^Ti h ALLOlit1T LIST;R6
(Cnntfaued) '4?1'".T°i.	 '•9` : :T	 tiQ.
ACCPUNT	 P.4.	 F	 hG}'Er	 1;A IT At4CC7,7 va T v /UNIT It:'	 F /U ►::T YAT CC5Trf 1h5	 .^.CSTri
^OUER
	
COI.CIT_CkYt^:l:
lc.	 1	 INV_? T = R, 3=.',.7 a^	 °^?i.7Z 3'1C'-C'.7^, ^353^Lr 7l^.;C 393GtZC7.']^^
1_. p 7RAN_FORtR£F^
^ 
F 3_il.: c31:..7C.'C.CC 237^CCC.L•C^ 13„7C:_..LC 237_CCE.CC
1S«	 3 CY7C:IIT	 33S4K'R, 17?.: 414 C3:.]'7 3.37!3.']•] 494pCrJ.Cf] 96SOLl.ErJ
15. 4 COOLItIC SYSTFN 1.:: .CC «CC .CC .CC
15.	 5 CONp 'J"TCRS L.^ ?'7 r 7^J p .3a iii^7[3.0'.3 ?98nC39.9p 113^aCO.C[]
15_ 6„	 SSG TRANSFCRMEF^ .CC .G7' J 52A892.31 10E77.85
D^
PcR^cNT T7T4_ ]IR:^,T 	 :^,5T Iti r0.::OS•IT	 15	 -
C'_1,. T	 z
v.	 k..	 ACCCUN7	 T9TALr^ 7	 2.".9992. p 'U 135i5377w75b
•1^"'! 3UXILI4RY
	 ^'cCi	 =7SJI*'H''VT
Yt^ 16.	 1 £03:LCP.	 FEED	 FVY.F	 CL'R.K1+ 1 34?7T4.fi 1.E7 .lC 14CSIti.F,2 b4377.46^
15.	 2 OTHE4	 Pt1r p ; Kk5 2'79§5.1 .3' wl? 255G4I.35 34914.91
16. 3 HTSC 'C :tViCI	 SY? KWC 9E^Br5.f 1.17 .73 1134731.39 7C7954.8E^i5«	 4	 AUXI:.I4RY	 3 p It_ •i PPi 23_ p t].' kw ]3 w3 ^u llznaCG.oO 22y17CC3e7!0
PERCENT TCTkL p IhICT COST Iii RCCCL'K7 15 = 1.;32 ACCOLNT TGTALrS r°I°67E.97 7.[51287.[5
t
^•
^
PIPE R FITTINGS
IPERCENYNT{^TA^0p0.RCCTPCO5T INy ^CCOliAT 1 17^- T ICTALrS r 114CDCCC.CC F,B4CCOC.L•B' 3.737r A000U'^T
^(	 ^ AUXxLYARY ELEC EOUI-^'E1T
13.	 1 HIS^ M pTF3,r;T' ?""';..3 Iw47 .17 957339,38 4947S2.E5
lE.	 2	 51lITCHGEaR	 E	 MGC PAID H1:E ^^'754x.4 1.95 .k_° 7:,E4E7.3°_ 174574. ':;
1 q .	 3	 CDH p'JITrC0.3L'SrTYQY5 = T 43^=2L 1 .^ 1.32 1.3c 5734793.94 a37n399w94
ti 18. 4	 ISCLATEa PHA'- E 1105 FT ;t'G.[ 51C.CG k.=.C.CC 25IC{'C.CC 22rGCCsGG
'	 ^ 1B.	 S LLSHTIN3	 & ^CMttUV 'tH= JT?355.? 35 .kl 33'74 y 3w56 417[38.7}4
r PERCENT TOTAL aIkECT COST It+ ACCCUI+T	 18	 = i.5"8 ACGCUNT TCTALr4 75i3C7fw5E 683E474e62
CDNTROlr	 I^STCil:9EtsTAT;•CN
19.	 1 COUAUT = i "0.^i 1.' ='71:8.2' 15C,"^.:''. 35!?7G7.:.0 15700.3[
1 19 C = 1. 4 ?5 cAC^pUHT r^7TALr8 C?^RG_HT HTCTki. N7I4L5T _OSi CIN H4CC]UNT 17?AOOO.r"J 556[00.00
^ROCE55 11AST=	 EYST.MS
2C• .	 1	 BUTTCt+ 	ASH ipH ^=11825.9 ?^715C.kL '_-311825.55 82755L.4C
?Cw 2 p RY 45 a T9i ^.1 ^?73'i3.20 14Sil35.3,^. 53^343.2^ 145C85w9U
2C.	 3 HET SLURRY TPH E^w^ ti2E78L^.C° 4310^_5«C2 172E78C.C9 431695 .G2
20.	 4 OH5ITr ^I5'O36L 0."R= 334.3 i?5'3.3 3?:3.55 2035311.42 313[214.87
20. 5 SEEP TREA7!<ENT EACH .0 .CO .pC .CC wpC
F=RCENT TOi4L *3T4.P.T COS7 I4 0.C:OUNT 'C = ?,543 A4CCU+]T TOTRLrS 771#763.25 4534952.735
5T0.CK 3AS :L=0.NIN3
c^1. 1 pRECII'ITATOR CACH .0 7'^7C'_7.EC 4'?8?557.5f .GC .GG
?1.	 2 ^CRU33ER KS!° 11 - :^.^2.a ?1wol R,9i 'lCi?:13.?5 3973948.75
21. 3	 tISG STEEL F	 pLCTS .0 .CC .fC .CC .CG
PER[.NT i7T4L 7.R=CT [SST FN tS000UIT	 '1 - 5.544 ACCSU?1T T2TA_^3 ?1a122I3w25 9303$48w75
TOTAL 7IRSC T ;USJSrS 3347193"aB.IIC 36329noil.Op
^:-._	 <	
. y
^,
Table 11 . 17	 CLO$t GYCLE LI9l:IC NETAt " HC. 5Y3 ' F'	 CCS7 Of ELCC7FICITYrF^ILLSlILL:.1;6
ar
M
1
4CC°!D!iT 4ATE ► LA?C3 3ATIr	 SliR
F:FCEk7 E.C.0 r.SC 'C.'cL 15.00 21 .Sr
LOTAL 314'^7 ^flsT5t4 .3 43 7 534371. 4'24455"i. 43164343'. 5'1333147. 59I3?7776.
fNDIRECT COSTrS f1.0 7.7$81410. ?5C4f3:C. 49H.'._'423. 'c::95.r.^s24. 1CC26E718.
p 44F	 B OfiHEa COSTStS 9.3 3;15_793. :795547. 335?1378. ^x01651.417 ^.556465•z.
COHYxHGEHCY CO57r5 11.0 48?54336. Cf^t^69 p C5. 52981327. = 7407145. E3G45:?05.
SUS TOT g1{LrS .D 50187409. ^33^'5T4^2. ^2259iR^G. '14994456. 792'338424.
ESCALATiDN COSTrS
EHTRFST 474E H? CDNSTrS
E.5
IC.0
1_7„^ 576L'.
045?1539?.
_- £5L.1- 4.
^`3 ? 454:3.
!.79333_4.
2773132501.
41942310.
3 !]9338129.
277322460.
35342176D.
TDTAL CAPITALIZATIDNrS .G ?a^942C5E.h C°76^f•'E.111841'^Llo.][^12TC °60.1422791054.
COST OF r t'C-^4°I74L 13.3 32.?3557 3S.'.5?23 37.41.!'23 11.29924 47.3372?
0057 OF ELEC-FUEL .0 8.L 9876 8.09°2: 2.0"e2G 8.0582E 8.G°826
CAST OF rLE^-DP S MAEN ^ .'?33u .°.2337 .32*!30 .°.279D .9?09@
TOTAL CO5T aF ELEC .L 41.^55E5 44.27A37 4L.2Z°44 Si'.3174^` 56.35643
ACCOUNT RATEt Cp+'TINCEKCYt FERGCNT
? =QCz^1T	 -^^.^'. ^^ 11.L•[1 5.03 28.3!]
70TAi DIRECT COSTSrS .0 4E1F:4:432. 4.1CRa^t?2. 4c1b43432. 4?1549432. 4E1E48432.
IVOI3ECT ^OSTrS ;1.0 44433923. Y34339?3. 4433323, 43433923. 49433R23r
PROF B OkkER CO5TSr +^ B.0 3Pr31°.74. _P531F74. = 8531°I4. ?8531874. 3B_31p7R.
CDH7IHSENCY COSTrS 23.9 -'L4392421. 7. 5?931327. 28692421. 3fi3?9696.
SUB TDT0.LrS .G
5.5
545531704.
13I^1D50 "o,
5 = 3f14I'0:.
1"344?570.
c22S354413.
217933324.
59369653b.
21787470'6•
EE5943ECG.
?33171264•ESCALA^IDH	 DSTtS
INTRE	 DUR^HC CON STrS 1G.G 24342ED3:. ?K417?f.^44. ?778132EG. 2E4918e5C. 2971EEC'76.
TO pL	 APTT gLE2 g TI0NrS
Cp^7 0^ ELEC-CAPITAL
.7 47`135324'1.2^^ 	 3?2:7^2.11134J2D15 .LC5'o459394.iE3o271 ^24.
°5.48309
	
39.80105
Cp S^ OF rLE"- ^U'cL
iFaG
'
.L
32 ,EC4R6
3.03325
34.C4?77
9.:193 ?a
37.21028
3.09320
?0'40
9.C1932S
.a2O9t'
B.D9926
.92C9L•CDS	 OF ELEG-OP 8 HAIM
TOTAL CDST O r :L_C .D
.S209G
41.E`_'352
.92T"or
i ?.t5?34
as
45.'.2344 R4a5D225 48.82021
^ccouHT OAT =. rs:ALnTI^u 3AT^t ^^acEVT
Ferc^NT s Ce r.sc a.cr Ie.rc cr
TOTAL p IR:"Y COSTStS •] 431".4343?. V	 1:494'_?. 43L543432. 43164E432. ?F31o43432.
INDIRECT CDSTtS Kl.0 44433723. 4,'4'r„3"3. 4'4.''x833. 45'433823. 47433923.
PROF 8 01iREER CO5TSrZ 3.D 3?531974. `]53i:S74. 33511374.529913°7.
35531174.
52961327.
3B5'il$7k,
£2901327.CONTINGENCY C45TrS
5119
	
TOT{^L S
E5CALATYD^Y CDSTrS
11.0
•3
525813?7.
322595447.
^i5G132T•
= '"5954'k3.
217_933
X 225?5449.
277I1355E.
a22535440i•
3E;171L'836a
522595440.
IN7R.ST pJRIHo CDHSTrs
.D
13. p
162373256.
26?43'x727.
?4.
2173132$3. 2939353Ea. 3i "a 941729.
°b°:14.1301147.56..11336
216458798.
B39E5G232aTOTAL CAPITALTZATIDNrE
0957 OF ^LE,-CAPCTAL
.G
19.3
10873.
34.38 795
°41SaII184C7C^1E
37.?1^?3 33. X 533 43.2904" 27.31593
COST OF ELEC-FUEL .G EaC3B25 F.G9826 8.C9E26 8.0982E 8.0'3826
C955T DF ELEC-RP B 'iAI4 .0 .!2090 .92'3] .'^?C3u .92093 .97D9G
TOTAL COST OF ELEC .G 43.86712 4E.22.44 48.73454 52.3DS5F 3E .93514
ACCOi1kT 9ATEr IK7 GURI'^[ CDNST•PERC£NT
^'_4C ￿ NT 0. 3'! 3.00 13.x0 12.5] 18,30
TDTAL DIRECT 00878x8 .0 48IC4E43L. 4,.16424 ?f. 4"ci64d4.: Z. 4°°•164°432. 4E1648432.
I9DI4ECT ^DSTr+ 01.7 4?433323. 394339?a. 43413323. 4.433923. 43933323.
PROF 8 DHAER COSTSr s 6.4 3P531E74. 8F31874. 38531874. ;,'_'31874. 38531974.
COHTIHpEN:Y ^OSTr4 i2.D 5299L321. `?'3813"'7. 52331?G7. 52952327. 52991327.
5UB 70TALrS .G 622595440, ti'25954KG. 622538441~. 622595440. E22595449.
ESCALAjjIOM	 487x8 6.5 217333328. 2!7493328. 217933324. 217933324. 217933324.
INTRES 'C D31R '^ NG CDNSTrS 15.E 157851676. '? 1E:2637 ? C. 2778132Ef'. 3`53°7548. 44b44CE4E^.
T3	 t CAPIT qLIZATEONrS
CO^^ 0	 £LEC-CAPITAL
.''
"aG
39448='ti 32.1'13352433.I11]4$e01'a.11999363G4.1297929392.37.21078	 39.924EE	 42.8206735.1E.:47
CDSTy OF ^LE:-^:1'L
Zc
^
33.219 L'4
9.u8325 3.09:2£ 4.79326 8.09925 8.99826
COSY DF ELEC-OP 8 RAIN .0 .92090 .92f°C .92090 .32C9Lz .92090
TOTAL COST DF ^Lc^ .3 4,'..23820 44.18153 15.22944 ^9.9439T 51.93993
Tahlc 11.17	 CLC` cc 	CYGLC	 Liil;lC	 M:74L MHS	 5YGTC'	 CCS'	 Li iLE%Tk=CITYrN.ILL`_JK4d.Fn
(Continued) ? 440.`1'7'1, °Di.l' y 3.	 '
0.CC'JUYT ?3TEr FIx=]	 C:ia73^ 7AT'r	 ACT
C'"_40EVT I:..CC I4.4C I6 .CL CI .EC ?E .[C
TDTAL	 ]I4=^T	 _^7^T r+r5 .] 431;4;43^.. 4	 L'0434;?. 4315'+3+1?^. 4314443?. x31£1'19432.
1NCIRLCT CC5Tr y +"l.0 4?43-"«'s. "3.4 ?43?'- 4:4.'3°2?. 444.39?3 4°43323.
P40F	 6	 01J.+]ER	 +`0'75+5 9.] 3353137+. 33331374. 3'15?I°74. ?3537,374. 39531274.
CDNTINQENCY CO5T+ s ll.0 525E1327. _13813.7. 52° x ]327. 5'e'9L^l:s2T. 52561327.
SU3 FDTAL 3
ESCALA I0^1 CGSTaS
.''
C.5
022 c 95947. ;'25954].
°I7 Q??3?4.
=2353144].
4I7°'133:4.
^?2535440.
2I79s?324.
^2?595440.
217°33324.
Z^ITTREST
	 ppl4IN3	 ^0"75YrS
TDTAL CAPITALI211TIGt^rS
1..0
217593324.
277313?G0. «7731323].	 27T8I325D.
I1124G201C. 11124f'^CIL.111:+7C7.C1fi.111B4L2C1E.
27791 ?253. 27781325[1.
CDSyy DG EL'^-.^.APIT7L
,G
'?^.0
11IF4G2Clfi.
?i.^723?, ^_3.7572? 37.21['7 94."05:33 51.53794
GD5T OF ELEC-PUCE .0 P..[ - P6r.i F.C9n3£ l:.1'9'??G ?.^.9a7r 8.G^22E
CD5T DF ELEC - DP 6 'LAIN .D . 9203 •' .92]?' .32'?911 .?ZL9 :3 .3?390.
TDTAL CDS7 OF ELEC .0 29.£9154 35.7E 7_C 4E .22944 53.67149 FC.7CC1C
ACCOUNT ^ATEr rU:L COSTr 5/IO.^U LTU
^'P? = NT 57 ?5 1.5: ?.5] 1.7^
TDTAL DIRECT GOSTSss .0 49IL4£432. 4	 1F.4Q4?2. +:olE4i43F. 4^1E4£4?2. 4c1L454?2.
IYOI4ECT	 OSTrS SI.7 43433?23. 494339?3. 4'34 ?3923. 47433323. 43433523.
PROF 6 01lF7ER COSTSrs 6.G 3Fr3I974. 'E531&74. 3?5?1674. 'c°3Iis74. 325.3IZ74.
COHTINEtEfJ«Y 0057x4 11.] 52331327. ^29313^7. 529'.'1327, 5?93I327. 52931327.
5U6 TOTALtS .G E2F59E44n. r 'Z`_954RL. 0225'_54++C. 6^254^44U. E2259=440.
ESCALA pIOV ^OSTrS 0.5 217333339. 217993324. 217933324. 217933324. 217993324.
INTREST CURING CON5Fr5 IG.0 277F13«6C. ^776132CC. ^778'32E1}. 377$1326G. 277813?E©.
TD ^^yy L	 CCA?TT4LIZZT10Nr5
CD^i DF ELEC-CAPITAL
.9 111:'40 c^]i.11134C?'310.111347 ^CI5.111'J4U7G15.1119472'Z16.
°.7.2IC2iS
0455	 OF ALE^-FUEL
^,.0I•
."
37.ZiD2s
4.75339
37.21[x3
+1.79°2a
?7.2IC26
14.^9195
37.21x2'
23.'S1$42 9.7179E
COS	 OF £EEC-OP fi FIAIN .0 .,205E .°2C.0 .72[90 .^2D9C .°?C°C
TDTA:. COST DF ELE: .7 R?.^J343E 95.22?44 52.42223 3I.949'nC' 47.84909
H
i	 4CCOU'ET ?RT=• C0.°A:ITY = 4±.71@ r 	243w^VT
^ PERCENT	 12.LC 45.CG 5G.G11 L5.`'C EL .CL
T'JT p, L	 ']I +T".F
	
COSTSrS .7 49I ^4 R ^F3?. 4	 1.,4843?. 4 31 54 943 2. k71S444i''. Y3I643433.
IHCI8ECF COSTsS OI.L 4F43s423. 454336^3. 4;433823. 4 = +433Ei.3. 454 ?3^.23.
PROF $ DaNcR ^05FSr$ 3.7 33531379. '6531574. 3'1541!!74. ??531974. 38531474.
COHTITFGENCY COST r5 I1.L 52561327. 'L°813..^7. E7.3813?7. 529P1327. E2991327.
5U3 TCTpLrS .+] 322535449. - '259544".
?^17Q933T.4.
02?535440. =.?259544'7.
°17953324.
322595440.
317993324.ESCALATION CO STrS
YNTTREST pp '.7RIN5 ^ONSToS
TOTNL	 CAF'ITAL3:2ATIOi^r3
C.5
IS.0
217993::24.
277913'.6].
2179'33_4.
2779132'x].	 277?1325'3. 2776132uG. 277613250.
COST OF c'L-^-CAPtT4L
.G
L3.'
I1S?+iC21.16.
2]1.55501..
11184[201&.
53.74?L9 49.3733'0
lil•'.4C2C^16.111Q4C2L16.13184C4L1E.
37.21029 30.23335
COST OF ELEC-FUEL .[.' F.C58 % E e.C9F2fi a' .0^i.2o 8.0 °_E 2f 2.^9B2E
CRST OF r LEC-OP 6 'LAIN •] .43'791 .92'.°^ .32030 .92Q3O .3?790
TDTAL [057 OF ELEC .0 21[.57484 G?.7£734 57.3°252 4£.«2944 3'3.2=251
I
I
i
t
s
P's
_-r-^^...,^._.,..._.^.__ _ ^......___... _^ ._._ _ ._
^s
Table 11,18	 :Lpi:	 CY7Lc	 LY'1:1I3
	 "':T9L y^J	 SYSTCtl
ACCOUNT HG
	 AU7C ^p kCRel+ W[ FFRC PLANT "G" p ^EfAT3 pN i^ST MATNT^PiANCE COST
4 12.7795. 1.7.i7^k 78.7332! I7+9470
T 4.6CiSC .4Au;C 334.45L7° .GCOCL
9 .5k543 +^J574!'i ,07u00 +70700
14 .GCLCF; «GfC.'[ 1°.0 `.'616 ,L'tCCL
i8 5.3R']03 .5^.'4 ,GG70U «G^`OQO
2R s,9^ESfl 1«G°?.6 .Cr.CCC• .[CC,r.0
21 17.7^777 1.793'2 .?."7tlC .G^fi00
IaTALS 49.SE456 5.:^7^5 c:74«99462 I7«3E4i`C
^L75" LYIL= !.I pUI7 H=TiL `.1]	 EYs7E^ "ASE Ca 3=	 I^!'UT
H pNIHI{L P01f^' Rr	 ^'IiE 100[' . 0000 t:CT	 PD4t C Ca 	 H11C 950+1uK4
NUN ftEAT 40.TEr
	
3T9iKi: - •14 9752.3353 "SET HEAT 9AT , r	 3TU/ X!t -i^ 	 7527.369q
pFF pE5IGN HERT RATE .0000
CpAEO'cNS^R
OESTGR PRE55UREr IN NC A	 ^.SGCG YU;{6[R CF -°°HELLS 2,000f
HUN9E4 0^ TJ3FSIS y1LL 1k395.2529 TU9t' L'tiuTlir FT 53.5]67
Ur BTUfHR
-FT2-F 6CE+dF35 TERNTNAL TEPiP CIFFr F ^.CCCC
NEAT RE .l^,TIpV
p ESTGR TENPr F 7T.i^C^GC f?PiiCACiir	 F 15.5713
R4HGEr F 23.70]0 ^F^ UESi3Y T=N^r F 51.4fEC0
L+FF OESTGN PkESs iN NG A	 ,0000 LP TUREIRE 8LA0c LEthr Ih Z6«5[Cf
1 1]3].77? x +'Or 3 377	 4 .:,?^ 5 3.]^J7
6 .QCG 7 ?.EGC ^ 14Ifte[GG	 ^ 2.'PC ZG 2.000
I1 i3O97 1? 'T^. ;:;0 13 1«0^_0	 14 .OBC lE .000
16 Z+OCC 17 18Z.[?CG lA 3,G^3C	 I9 5,[GC 2G 2.5L'0
21 .'J33 2? 133x7,]37 Z3 270]].000
	 ?4 2375.000' 25 47q.000
2E 7340000«0DU 27 3C00O3CB0 28 zrcfr.oes^	 "? 5^.r.BCC'.C.00 3C .300
31 1.B]7 32 330p,!199 33 1,:,38	 34 ,30t7 35 q036 439LCCG«UU q 37 SCC,GBG 36 1.000	 ?9 1.000' 4C 1434GC0.1CD
q i 405070.473 k^ 5577^J0.:!]7 43 157.].330	 44 10;3D7B,GOU 45 69I000,p0046 E.UCC 47 .LL•0 4t^ ?.GOLD	 43 ?«E?CC` 5C Z«000
^	 51 57] 52 a.?50
^'	 I 216«351' 2 1°4«1EC 3 g?.747
	 4 3.750	 5 2.832
S 2k9«927 7 1!53,230 D 1«711CS	 3 4.610 10 1.161
11 1«GCO 12 ^52.3EC i3 270.760	 14 2541.8C[^ 15 7179.600
15 295.547 17 L,00x 13 Z79.B07	 13 2.594 zB 1.00q
___	 2I fi&5«OBC 22 1BG14CiG.0C0 23 72COCC,COG'_4 S24°-3.000 25 37C00.gL'026 797777 . 0x] ^7 313740,770 2A 45U^? . 7.^.^3^3 131tlG . G3'? 3C 52774.CESp
31 21100.000 37. 55967LC.CUL+ 33 ^23i000,CCC	 '4 E?F32CaL=Lf' 35 33?000 ►00C
3u +077 37 .777 33 38'735«,3T17
	 33 759C.dCC 40 53083C.00p
41 10E166.0BG 4.. .C•CC 43 .GOC	 +^4 4F17EC0C.00'C 45 tF6IBCCg.00C
45 3'779$7..7]7 47 37111q.:1rJ7 4R 24914]7,BOx	 43 249100rBt7^. 50 5350800.000
51 107[^QpG.OGC 52 311`3900«BCC 53 ?IC35C,00C	 54 233SI72C.Ot^f 55 2300000«000
56 42000.D30 57 400').^73 53 15975.70)	 93 5350.800 a'0 .0006I ,OCG 62 i1364gCC,00G o3 1I3E4C'C,CUC	 n4 754Z«$CC E5 I,OOq
g a
71
4777.373
.CCG
S7
7«
X07
243290C^,[iCC 5 373 ? 2 q 790]3.00')	 -92433pfC.GCO	 74 9Zi903G.']Q!77rC^UCC'.C'GD 707S e000467CLCC.00G
76 2247.277 77 1.?70 78 I.O:lx	 79 1.00fi 90 9123300.000
III 9!2330.000 82 .CGG 63 .OGO	 ?u «1'0T B5 .ODO
86 54330x+031 87 354fl0;1.400 63 5339.712	 53 3511.707 90 192.00091 1«CCG 92 1.f G0 93 u95CGCCD.00C	 94 °9f'UGC'C«L^Cp 55	 116 °.7L'CD.OBC
56 2373677.077 37 49^1070.007 93 9687].007	 4q .004 100 .000
301 2800000.000 142 1130CGG,C'Or 103 1«CCO 1D4 230000'.400 105 3«200
105 .077 177 L.^Q0 173 «`Jn,	 1.^.9 «003 110 1.00D
111 27LTCC.00C 112 .G«f?CC 113 1''f.COE! ]14 +GGt' 115 .00IC
'`^^.,
Tab1c 11.19	 CL^.5^	 CYCLE	 L_Tp 'JI: ""CTAL "k:	 CY:TiN	 ACCGI::.7	 LT57It:C
tCCOIiNT	 taC.	 C	 F: A!1L.	 UM1IT A1'^UNT +^Ar	 sfuKIT	 ^ INS	 ^7l: NIT NAT Ca57 . f IKS	 CGST.s
SITE UEVELCFMC^rT
I.	 L L4NO ^ pS7 4"a= i?'." I7^0.77 .3^. 1i23tl3.77 ,fl^
i. 2 CLCARINC LAY."i AFC EC.7 .CC FrC,CT .CC 3539E ..6
1.	 3 GRAOIN: LAY7 ..4. 13?.^ .7't 'fl Su. DC ,30 S4.'.7DD.07
i.	 4	 ACCESS RdILRO!+n MILE b.C• i1rC^C0.Cf 11fCCC.G; r75CGf.rCtl 55000G.CG
I .	 5	 Lou p 4SILROd7 TVA :R MILS 2a5 127777.77 7'3GC.D^S 33 r.D ._C,Sfl 175aDi3.^JD
1- 6 SIPIAC R R TRACK j'ILE .0 125CCC.LO BCGCC.CC .CC .Gfl
i.	 7	 9THE7	 5I7 =	b= TS a^Pc 7 7^ .C^ 33'73fr29 397331.39
PERCLtjT TUTAL DIRE :T COST IN ACCOI'NT	 1 =	 .E74	 ACC^UtST TCTdLr$ 1g44C?i.28 1654+127.54
EXCAUATIDN & PILING
.	 ; ^OHFS7V SxCAV4TiDV Y:,3 1?Sa':.: .77 3.3: aQ7 4777DC.DD
T f_COl1PjT [r3 r T:T4Le4 n 23555irt3.3']G 349310^.D4PERCENT L IOT4L	 7ER = :T	 , 7 ST IN -' 1.?55	 AC^711NT
°L3NT ISLAV7 "^N"^^T'
3.	 ; PLANT I5: CCNGiiiTE YC? 1C3:E.G 7[•.CC 8!'.CS I292CrC.[C f464CDC.CC
3.	 2 SP_CI4L	 ST4UCTU4_S Y73 :7703.3 3^.77 157.07 2 g 3D'3Dfl.DD 4DS0^3I1D.Dfl
PCRCENT 3LTAL DIRECT COST IN ACCOL'kT	 3 = 1.981 ACCOUNT TOTALrS 3711DDG.DD ^514COC.LL=
HC AT REJCCTTON SYSTEM
4.	 1	 C04LIV3	 7011.RS =4C^ Zi.^. .77 .3^ 'sZ y 35CC.7tl io'755DD,04
4. 2 CIRCULATING NZC SYS EJ;Ci^ 1.0 .CIS .Gfl IB3°214.25 ZgEC79G.34
§.	 3 SUR^4^' CO aI]'NS.R =T2 513717.3 7D ."C 'a434S74.1Z 4331D2a13
PERCENT TOTAL DIRECT	 CC S7 Ih aCCOUhT	 4 = 2.576 ACGCUNT T:TAL.S 7493558.37 4SCC392.44
^ ST RUGiURAL FEATURES
^ 5.	 1 STAT.	 STRVCT:f44t	 5T, TO FF ?37;.7 637.'] li5.JC 195 °.753.113 533I25.tltl
^ 5. 2 SILOS 8 BL1NK£RS TPH 335.8 lEfL,CC 75C.4^ 694415.44 285341.54
5.	 3 CHI'S4 = Y ^T 407.". .3Z rtlu 43537fl.32 55?506.38
5;	 4	 5TRi1[^URAL
	
FEAT;IR1<F EACH IaC 1+'34GC.G.C1 < 4C'.'CSGrCL 1434CCEl.GC 405000.00
P_RC° y T TOTAL 9IR_,T CO ;T IN 4.^,COU:iY	 5 = 1.349 AGG7UVF T77A;,Y5 '143?24fl.81 1957773,p2
3UILDCNSS
6. i STATION BUILD IN LS FT. 73 4 C[GC.0 .IC .1C I1744CC,GC ff7440C.0<'
5•	 Z A7MIV5T90.Ti0N =T? 17!'.77._ 10.7'< 7. A.II3 16T?700 . D'3 I4C ^, i1D.r]D
T]TAp +S D 1574k^0.00 1474k0U,Dn°_^C"NTRT7T4LEJL4^HTrC75F E4 2ACC9Uy T C ^S C = .355 iAC^3UNF
^,g
= U=L 9AN7LLNi R STORA3=
g° • 7. x COAL HANDLING SYS TPH 30G.f .CU .CG _ g 2C3E5.C6 23337SE.62
7.	 2 DOLONIT =	-ldN .	 SYa TPd '7.5
52I"CfrC
.77 .ar
C.
$7458q.B9 S35fi46.39
7w 3 FUEL OIt HANE1. SYS
P_RC;kT 70TdL 714=3T	 _05T
CAL
1N 7CC7UNT	 7
aCC
=	 ^.7?3	 ACCOUY:
.0
T7T4L+s
7946[.$$
Eg7gg19.8T
°16z277a_
?93?71 =.+. 91
^A
°'^ =U=L "?O^EiSIV3
8. 1 CDAL DRYER F CRUSHER TPF! 3F,E.5 .CC .GG S37C36E.59 4i°F77.73
• r^^i^ B.	 Z CAZ3;NL2°_R58r 3 GASIFIERS
TP^I
TPH ^
.73
rr:?
.07
.LC
.a0
.DC
.0R
.CC
P=_7C.NT
	
T7T4L 7I9_:T	 LOST IN aC"77VT	 ? r ^ .4^4	 4C3DUHT T^T4Lr3 137"^3SE.59 913577.73•	 ^
.^	 - r_+!
_^^_^,
^^
Table 11.19	 CLCSL	 CYCLE LIGUI^ NCTAL .." = 1 -	 `YS7EY ACCGUNT LISTIRC(Continued) P994^1 = TPi^ '7 T_N T VO.Iti
RCCOUN7 AtO, 8 +?AMA,	 UNiT ARCUtr`T uAT	 41UF:IT IN5 3lUNIT NAT COST. q INS :C5T,S
FTP.INS SYSTEH
7, n
PERCENT TOTAL U?RLCT COST IFi ACCOUNT	 9^= .^tG ACCOUNT	 Tt`TAL,s7 .CC CC
VAPOR OENERAT+7R
	
{FIRELf
.GGi PERCENT TOTAL CIRECT C45T IN ACCOUNT IL 3 = ..^±'G ACCGUNT TfiTALsS fl .CC
ENERGY CONVERTER
li.	 1 MK 'J 7U^T 574!`T ST=.L K .° 191.] 1T97 '1]]r77 595G ] D.D7 Iq3^1:7.x..]:] 53S7Dn.D4
11. 2 UUC7 IHSULATICN ISP 132.0 7`eCUG,iG zGGtC,CC 7°COG«CD 2CCCC.GC
il.	 3 HIX = 7 KP 47.7 -3^?aCO.]C 7gDDU*J,DC S7C']pfl.37 2q+730D•OD
11. k NOZZLE KF' ?.6 33CGL.CC 13C4C.CC "3GGC.CC 13CCQ«GG
I1«	 5 SEPA4ATO3/}I r= US?4 KP ?.1 ??Gfl3.,R IaCDD.pD 397GU.Da IC3G{I.DD
11. E LH	 PIPThG /F'ITTIf~ e,/11:5 KP 19C . 7 4'7 rocc.C'c 171GDCP . DL 427CGGG . CC^ 171CCCC.CG
L1.	 7 I4ON POL r S KP 313.7 -:CI037.]1 ZoDDD.,DD a3i7Op,G? 2oDGDC.OD
11. B AUX EGUI^'HENT C 5Y5TEN 1.0 .CC .CC .CC •UC
11. 9 HASN'T OENd4 i{° 3.5 '4d]3.77 1?D7D.CD ?83n"IwD.^. 127D7.Gf1
II•ID SUPERCON HRH CUOLANT FT3 1,G 455GLG.C['. 1B2CCL.GC k.SFGt'G.Ct i84tCC.CC
L1.11 ASSE,tl3LY Sll'P3RT STRUCT 1,R .7D •DD .CD .DJ
II .I2 L H FUHNS KP 813 . G 3fl7CC0[,•G.G!' kCCCCOD +. CO ?s7ceGCe.ce kfCC^CGO.EG
11.13 L H LHV r NTO4Y tS0}IUy 1KP «5=`^15 "45fl7fl . 7fl 3C^CUJ.CC 2353Cfl . GC 3sG0G.DD
17..14 t N Efy ERGENCY GUNP C- AL T3 . 0 '1FkCC^.Ct 2IG4CG. , G^ ^12kCGG . CC 210EGG.PC
11.15 L H PURiFI " 4TLON ;P!{ 51:7.] q^4".007 . 77 49G7 pp . DG kS9t?OCG.OD g9n7DD,OU
11 •lb GAS COHPRE;SOR KF 2E4 . 2 ^7n000 . CC 28CDGU ,CC 277G000.LC 28CCt3t:wCC
11.17 HOT04 7RIVE5 Fl;d 527.7 13i79O'^ q .7 r1 i3fl'10^2C.D^] 1897U'3flG.DD 197^JGCD.00
Il•18 GAS INVENTORY KP 145CiP.D 29Ct^G.f:t 3POpwCC 2F1Ci^q.C[! 3CGC.C6
I1.I9 GAS PIPIH3 KP 22,? 1'iSDD. ? 7 6UCD . 00 136GD . DD SDDD.Dq
1I .2G STEAH TUR82N£-CLN N{: 3UrD ^7ClDF'G.DC 7ifUCD,L'G 67CCrGD.LC 7CCOC.GC
r	 11.21 7RIV-	 TUR3IN-; M1: 715 . 7 37I ]^ D9G.73 ?aD40G . D^ ] g IOL+DC.Cn 3+D303,t1Q
^'	 PERCEF{7 TOTAL gIFc^CT COST
4n
1N ACCOUNT I1 ='C.°_?6 A4'COUN'e	 TOTALS PE517k[!t1.CC 1C37 : CGC.CC
rn
COUFL£NG H£AT E%CHANGER
12.	 1 CO!13 4'AT	 c%^iAN,7'ft Kp 'a 557.1 73Y4:73]7.7] 3I73fl'^D3.37 7344CG^^3.]7 3574'.GCD.D?
12. 2 OPEN CVCtE F{NO TOPPING 1.[^ .tC ,qn n_
i2» 3 STEA `+ "a'NE44T'JR 1{° k17q . 2 27?CnG ] a.7fl 94^9C3 rJ '3wU3 2fl3'^JG7C . D0 R437 '7GD•DD
12. k INSULaT^ON I.0 R+-{`i'CGG.C^ 4000CCC.CC EDt^GtC.CC kCGCCOC.CC
PFRC.N7 T9T0.L 7IT_.T .PST LN 0.C. p UtiT I2 =3Z,3?3 ACCOU.yT T7TAL,S 17o3kD:eCv«G^_ g4193DGG.0^.
^E0.T RECOV.4Y 4f AT ;%Ca.
13.	 1 AI>a PREHkATERS KP I42rwC 7'kCUC+G.GC' 4ocDCC.rc 7s4r•ereweG 8000CG.CG
13. 2 GAS 4ECJ°°R g TGRS K° 1.7 .7^] ,ilC .+1C .DD
13, 3 CUFlP INTE;RCOLLER KF' 1.G .CIS .GG .CG .CE
13.	 4 iNSUL0.TI0N K° 1.7 'F733]].7Z 3I7D]C.il7 g7C]33.70 31']3CC!.DL!
PERCCNT TOTAL GIRECT COST IN ACCOUNT 13 = 7,C?3 ACGOU pT TL'TAL*^ °310000«CC 111ECCG.CC
11AT^R TREATHENT
I q.	 ]. DIMINERAlIZ =4 ;P:i 113.Y ^5]7wI? 7DC«J^ x9ag on.an 435S2.DD
*_ lRd E 4C7OUNT fi1R C- . 3'iD p C^3UVT T3TAL:S C 1Z]G399.99 3]7352.fl01PERCEN^^^TOT4l T'JI7^L7S 3^g ST
^^
Table 11.19	 CLOSE CYClC LIOUI:^• !?^7AL ."s;' °YS7FA' ACCGDt:T LIST't;^{Continued)	 P4R4!1:TRSG ? OI?1Y !:0.14
ACCOUNT tdC. S NAt"Er	 UTld7	 AI'fiUM1S p' AY ^lUN_T :HS 2/Ut:IT WAT GCSTrS Ifi5 CCSTrS
OCHER GONDITIUNINE
I5. 1 LNYt:RTrRS	 4977.] 41 - ]"'737.]'9 :'77777].3 45s:fi7C].77 3773770.311
1G• 2 TRANSFORl+ERS
	
FiF	 3Z°T.k ^ « 'S7CCL.CC :i.0^C^CC.G^ ICrS7G[^C.LC 22000DG.CL
15. 3 ^IRCL'IT ?R'4K5R7 	 173.3	 R37da4.] q 	 2^DDG.dC	 k3F'OG7.33	 247G0.7D
t;	 15. 4 COOLIRG SYSTEM	 l,i	 .CE'	 .00	 .1td	 .dG
1S. 5 CDNpUCTORS	 1.^ '_^7'1Qnd.:E1 iI37D7 s1.O4 23'1D]Q7.D9 117a7QO.dU
1PRCCNT TTOT4L N]i4 p^T RCOST iy 4C:OU47 £I5 7=.`..k7I AC^.l^ 7UNT T3TAL rS U 5?T15B63.d p 12330+5?7.25
_^'
0.U>(ILIIIRY "EG4 =3UYF'F'.^YT
IS. ], UOILER FEED PU>SF hOR.H y;C	 77353"e.5	 3.67	 .lr 12C!?2E5.E7	 7"351.2b
i£. 2 DTH£R PUMPS	 KH'	 29]955.?	 .$^	 w12	 25SD41.3S	 349I4.E1
lE. 3 t:ISC 5£F1VIC£ 5YS 	 RkE	 9f°EC5.3	 1.17	 .73 1134731.39	 7GT°94.80
lfi. 4 AUXILIARY 3DLLrR	 oPi	 2R:,D^'7.7	 4.70	 wail it° DD^7.d q	2240DC1.3d
	
p ERCEN TOTAL OTRFCT COST lk ACCOUNT 16 = 1.L7Z ACCOUNT TCTALr3 	 a7I9C39.22 1C?^Z6G.R4
PIPE F: FYTTINGS
17. 1 COf1U • NTLOTIAL °I°IN'= TO'^	 3317.'!	 37];.77	 1'd°.7] ilkr^C7].da 58R77C11;.Dd
PERCENT TOTAL DIRECT COST IN ACCOUNT 17 = _..^17 ACLDU'dT TOTALrS I14CC'QGd.CC EE4^CdCrCG
AUXILIARY EL EC E11VIoMEt1T
13. i HISC ti0T = 45s_T^	 ^3^9:".9	 1.47	 .17	 817339.49	 7ag62.55
lE. 2 SH TGHGfAR B MCC PAN HNC	 ^a79u^.4	 1. ar 	.45	 75Frs87.55	 174574.G6
I9. 3 GDHDUITrCA3L"SrTRAYS = T 43^G7Q7.^	 I.:?	 1.36 5734739.9k 5370393.9+1
18. 4 ISOLATED PHASE BU5	 FT	 SCG.0	 .1D.CG	 450.0[	 255GI`G.DC	 zzfCDG.cD
^ 1 PERCEN7G 70;At DIRF.GTU CDST IN^ACCAIIT+T + 1@ p = ?.^'.sL ACCOUNT TC7ALrS^ 7359C^E.5E EB'Ck74.GE^2s
cn
'	 M
Cp NTROLr INSTkUMENTATTO}1
19. 1 COHRUTER	 ^4"i	 1.?	 ""'uv'7.77	 2i7.7!'.^7'!	 53CQ3d.s!1	 137D9.C719. 2_O7HER CONTROLS	 tACH	 l.0 1^EPC^EG.C'G	 Es41C.GC.LG lC6 P [GC.CC	 t41Ct,C'.GC
	
^=RCcNT TOTAL ]IRECT C95T IN g i,COtIHT 19 = .512 AGCOU tIT 7^TAL*S	 17?9C,Da.3Q	 655DGd.JO
°R9CES5 HASTE SYST.MS
20, I Dp TTOM ASH	 TPH	 2^.£ ^'^'C9^15.3k	 77'7gE.5k ?C?C995.34	 772748.84
24= 2 D4Y 0.53	 TPA	 T.k	 -3"430.12	 1381,23.53	 5^Fg9:,.12	 134122.53
'l O. 3 SFE7 SLURRY 	 7PHsT.5 1'IPbC6.6i	 4C^. c" I1.&fi 1E11'EFC.62	 4L2671.56
2D. q OHSITE gISP95AL	 a"g:	 3"s7.5	 63a""2.'+A	 9473.47 1355337.72 3414479.38
2C. 5 5EEO 7AEA7t?EhT	 EAGFi	 C'	 dt	 .dC	 .pC	 .CC
	
pERCENT T0T4L t7IRcCT .O ST LH 4CSOJ!IT LJ = °. y 52 ACGOUVf !]TALr3	 7138573.75 4?2'x!722.81
5T4CK 3AS ^L' ANI^13
Zl. i PRECIPITATOR	 CACH	 .0 7.1 F;1Z79.E° 4%ti7 ♦:31.7.t.	 .['G	 .0 C!
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Table 11.20 C'LO^E CYCLE LI3UIC N^TRL ►' 1!C SY^TE'	 LOST OF CLECTPICITY + Y.ILL^/KW .H6
?4:^AM=T Q I: ?DINT NC.lq
^C^^UVT RAT.r LA39' ZAT^r	 l/iZ
PERCENT	 E-.G' F.GC 1C .EC 15.'. C 21 .5C
T7TR'_	 ]I2=^T	 ^DSTari .7 g l?1E373?. 4^17D29_:. 4uSSl;i 935. ;1''974c^4. 53n175698.
INDIRECT	 COSTrt 51.0 3443163. 4°4CE94C. E171a13F. P_732FSG9. 1Z°17^PE9.
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.']
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Table 11.21	 C! C;"	 CY::_	 LI7JIJ	 `"'T:,L	 Y^7	 SYST.h
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4 14.5''?55 1.527'9	 ?9.3I?64 '0.53754
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The costs associated with the liquid -metal subsystems such as the purifi-
cation, emergency dump, and storage are also small compared to those of
other systems. The mayor cost items are the power conditioning, heat
transfer equipment, and the liquid -metal primary pumps and drives.
A large fraction of the liquid-metal pump costs are in the
so-called free surface seal design that requires high--pressure tankage
and cross-over piping. Developing sodium pumps with direct sodium seals
would eliminate the need for this tankage and piping and thus reduce
pump costs.
The need for a liquid-metal mechanical pump as a prime mover
could be eliminated if a high-performance two-phase nozzle diffuser could
be demonstrated. The two -»phase nozzle diffuser would be required to
operate for long periods efficiently at relatively high gas void fractions
and large flows but could be constructed at a fraction of the mechanical
pump costs.
Eoth the direct sodium seal mechanical pump and the two-phase
nozzle diffuser would require significant engineering development and, there-
Eore, are not considered as near term.
High power conversion costs are incurred because of the Iarge
law-voltage I^ID gross power that must be generated in order to produce
significant net power. All the Iow-voltage power must be treated by the
power conversion equipment. With the homogenous flow, two-component
Ltd--^ system , reduced Bawer conversion costs could be realized through more
cost-effective power conversion equipment and if highly efficient tdt^ ducts
were to be developed. The application of ac-MIiD generators %?^,s beyond the
scope of this work.
The high heat transfer equipment costs arise from the large
surface area needed to transfer heat in gas-to-gas tyge exchangers,
particularly the primary heat exchanger. This problem was f«rther com-
pounded because of the Iarge flows needed in the tdfID cycle and because
argon gas is not a particularly effective heat transfer medium. Thus, a
trade-off must be made between the thermodynamics of the cycle and heat
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transfer characteristics of the ZhI3D working fluids. 1)evelapment of
improved high-temperature metals technology should also lead to re-
duced heat exchanger costs.
11.6 Analysis of Overall Cost of Electricity
11.6.1 Cost Accounts
Included in the costing of each parametric paint were some 21
accounts plus summations and additions leading to the cost of electricity
far various capacity factors, fired charges, labor rates, interest during
construction, escalation rate, and fuel costs. A breakdown of these
accounts was provided as computer printout for each case. Tables 11,13,
11.3.6, and 11.3.9 show these printout's for the base case (Point 16),
Points 8 and 14, respectively. Summary sheets far all coated points are
shown in Tables 13..22, 11.23, r-.nd 11 . 24. The L3^i-7!B3D natural resource
requirements for each coated study point are given in Tab3 .e 11.25. These
resource tables give a quantitative breakdown of the water aad land usage
and ultimate fuel requirements. The mayor environmental intrusions are
associated with the coal ash handling and disposal and with the stack-
gas desulfurization , as itemized in Accounts 20 and 23. of Tables 11.13,
ll.i6, and 11 . 1). Cleanup of these power plants is not expected to
gresent formidable problems or costs that exceed current coal -fired steam
plant technology.
11.6.2 Comparison of the Cost of Electricity for_ Lii-MFID Steam
Binary Power Plant
The cast of electricity for each coated parametric paint are
given in Table 11.22. A bar chart comparison is shown in Figure 11.12
of these costs for five representative binary plant study cases. Capital,
fuel, operating and maintenance, and total costs are shown. For the
cases shown, the casts vary fxom a low of about 9 . 44 mi11s11+3J {34 mills/kWh)
to slightly over 12.78 mills/M.T (45 mills/kt3h). The higher cast cases
correspond to the 1088 °K (1500 °I') duct inlet temperature. The lowest cost
was Point 12, a parametric variation of the base case that utilized the 	 ,,
two-phase nozzle diffuser as the prime mover for the liquid metal. The
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operating and maintenance costs are relatively small for all cases, compared
to either the capital equipment costs or fuel costs. The fuel costs range
from about 1/4 to 1/3 of the capital casts. For the comparisons shown, fuel
costs were taken at $0,805/GJ ($4.85/106
 Btu).
The effect of the fuel costs on the total costs of electricity is
shown in Figure 11.13 for the five plants. A comparison of these fuel
cost curves indicates a difference in the slope of the cost Line for
various parametric cases. This difference in the slopes is due to differences
in power plant efficiency. The higher the power plant efficiency, the less
dependent is the cost of electricity on fuel cost.
The effect of power plant efficiency on relative fuel casts is
shown in Figure 11.14. In this figure the fuel casts relative to the base
case are platted witin respect to power plant efficiency fox the six LMwMHD
steam binary plants. Each of these Hower plants represents a different
aspect of LM-MHIl technology that requires development. Developments in
duct and component efficiencies as well as higher duct inlet temperatures are
indicated, and both effects are seen to act to reduce fuel costs. The
combined effect of the most optimistic component performance with the high
duct inlet temperature would be about a I4^6 reduction in the base case fuel
costs, i.e., from 2.39 to 2.87 mills/MJ (8.61 to 7.4b mills/kWf ► ).
Fuel conservation is an important consideration in today's
economy, but foe] costs are only one aspect that must be considered. The
tntal cost of electricity is still the deciding criterion. As such, a
comparison of total costs of electricity far the various LM-MtID power plants
as a function of power plant efficiency is shown in Figure 11.15. Tice
numbers in the circles in the figure correspond to the respective parametric
points. Also indicated beside the points are the technology achievements
assumed in developing each of the study points. Thus, iq assessing this
figure, it can be seen,for example, that increasing the duct inlet temperature
over the base case (Point 1b compared to Point $) results in increased
plant efficiency but at significantly increased plant costs. Same of this
cost increase is recoverable if higher duct efficiencies are assumed (i.e.,
l
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in going from Faint 8 to Point 14}. Tn a similar manner, if we
	
j	 assume only improved duct and component efficiency over the base case (no
i
increase in temperature) the results are increased plant efficiencies and
	
!	 decreased costs. The most predominant effect har p is to replace the
costly liquid- -metal mechanical pumps with a highly efficient two--phase
nozzle diffuser.
The dotted lines in the figure show how the trends in this
analysis might be extrapolated to account for the combined effects of both
higher component and duct efficiencies and the utilization of a liquid-
	
,	 metal two-phase nozzle diffuser. These combined effects are shown for
bath the low and high duct inlet temperatures. Comparing these two cases
then, would suggest that the high- Cemperature duct does not lead to the
most cost effective power plant. The cost and performance for the high-
temperature duct with combined improvements are 10.0 mills /MJ (36 mills/kGTh)
at about 42 %, respectively. The low-temperature case is 8.61 mills/MJ (31
mills / kWt►) at 39%. Atypical value for current steam power plants is shown
for comparison.
The major conclusion that could be inferred from this figure is
	
i	 that any near term I. .M-tiHD development effort might best be spent improving
and demonstrating the duct and component efficiencies for the law -temperature
	
I	 application. Development of a highly efficient, two-phase nozzJ . e diffuser
would impact significantly on the economic viability of the plant.
Tt should be noted that the comparison made in Figure ll.l5
is based on a fuel cost of $0.805/G3 ($0.85/10 6 8tu). Should significantly
higher fuel cos y., be incurred, the difference between the costs of the
low- and high--temperature case diminishes. For example, at the upper range
of coal costs considered in this study [$2.37/GJ ( $2.5D/106 Btu}], the cost
of electricity for the two cases would become comparable, but the high-tempera^-
ture case would hold an efficiency advantage. Care must be exercised.
therefore, in evaluating plant costs when both temperature-dependent material
costs as well as fuel costs are involved,
11.b.3 A11 t^D Power Plants 	 ^,
Two parametric cases were studied that represent all t^ID paver
	
7	 plants. Point ^ involved an open--cycle MHD topping the LPi rffID. 	 The
-^
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cask of eleckricity wag about 15.28 mills /Md (55 mills/k^m), With the
ma^ar cost factor again being the capital equipment associated with the
LM-^klD system.
The second all-MHD plant, Point 13, was an all ^-per]
system producing 1005 MWe net but requiring over 3800 MWe gross. The power
costs associated with converting 3800 MWe from do to ac and khe high
system flaw rates resulted in prohibitive power generation costs. The
cost of electricity was nearly 22.2 mills /MJ (80 mills/k4Fh).
13..7 Conciasions and Recommendations
Re„alts of Ch.e study show that of the near term cases studied
[near term being dictated by the lower temperature sodium technology -
922°K (1206°F)], none would appear to offer attractive plant performance..
The potential of the direcC coal-€ired TM-MHll steam binary system exists
with the further development of liquid-metal component technology and
demonstration of high MHD duct efficiencies. Higher duct inlet temperatures,
1088°K {I500°F) lead to higher plant efficiency but not necessarily to
lower electrical costs. At 1088 °K (1500°F), power. plant efficiencies of
about 43.6 are attainable contingent on achieving MHFI generator efficiencies
of 80^ and assuming marginal improvements in steam plant technology..
Further studies are recommended to define and evaluate the duct variables
and trade-off that lead to high duct efficiencies.
An overview of the potential performance of the LM-MHD binary
systems is depicted in Figure 11.16. The operating regime of the LM-MHD
system is compared to conventional steam plants and the ideal Cannot cycle
as a function of peak conversion temperature. The purpose of the LM--t^
topping cycle is to extend the operating temperature range and efficiency
of the power plant in a manner predicted b y khe ideal Carnet cycle. Real
effects, however, can limit the attainment of this Increased efficiency.
Aa noted, no penalty on plant performance appears to exist for the LM-i+kkID
binary plant ca'irh an $0^ Mtib duce efficiency. At 75q duct efficiency,
however, an approximate 373°K (573.°I') temperature penalty is incurred
^^
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in order to obtain increased system performance over the conventional
steam plant. In other words, a 978°K (1300°F} LM-M1iD system appears
to be the threshold for improved plant performance for this case.
Since the conventional steam plant operation is currently
in the range of 811°K {1000°F), the conclusion inferred from Figure
11.1b is that there is a potential gain in plant performance by going to
a LM-M1ID steam binary system with peak temperatures above 922°K (1200°^')
if the LM-MHD system components can be made to meet the assumed perfor-
mance levels. The major cost factors that limit the economic potential
of the LM--MIID/steam binary plant are the large costs for power conversion,
heat transfer equipment, and liquid-metal pumping. The lowest range of
electrical costs determined for the uses studied was about 9.44 mills/NFJ
(34 mills/kWh), which could be reduced to about 8.33 mills/MJ (30 mills/kWh)
with improvements in LM-MHD comi^onents. In all cases studied, however,
the casting was largely uncertain, since experience in design and fabrics--
Cion of LM-MHD components is not available.
It is expected that through innovative design and with the
demonstration of improved high-temperature metals technology, heat transfer
equipment costs could be reduced. Reduced power conversion costs are
associated with still higher duct efficiencies. Development of a high
performance direct ac generator (i.e., slug-flow type) c^*oulr: eliminate
the need for much of the expensive inverter equipment. The demonstration
of a large-scale, high--performance, two--phase flow nozzle diffuser would
both reduce costa and improve cycle performance. A cost advantage is
achieved in both the liquid-metal pump hardware and in the potiaer conversion
equipment.	 ^
The results of this study are believed to be adequate for the
needed system assessments on a relative basis, but specific conclusions
on performance and cost should be revised with increased understanding of
large-scale LT1-MHD component design, performance, and costs. Because of
t er: complexity in interfacing LM-MFID cycles with itanitine-type cycles,
further studies are required to optimize plant performance with respect
to various cost factors. Of particular importance are the trade-offs
1I-75
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between the AffiD duct operating temperatures with respect to material cost
considerations and fuel cost.
The studies made on the two all-NffiD systems must be considered
preliminary and were not adequate to determine the potential for this
power plant. Both plants showed low efficiency and high c yst, ^.n part
due to the modest assumptions made with respect to the I,M--MfID component and
duct efficiencies. These studies, however, should provide a guide for
identifying ma ,^or cost considerations and determining cycle configurations
that could lead to improved plant performance.
It is recommended that no full--scale commercial plant design
study of the ISM-t^#ID system be undertaken in Task II of the ECAS program.
Other advanced conversion systems under study in Task I would appear to
offer the potential for higher performance and lower costs with less un-
certainty associated with the results. Efforts on LM-MHD should, however,
be encouraged in order to develop sufficient data to predict reliably
full-scale MHD generator efficiencies as we11 as associated component
performance.
11.10 W. M. Kays and A. L. London, "Compact Heat Exchanger:
McGraw-Hill, Inc. 1964.
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Appendix A 11.1
LIQUID-METAL MHD TWO-PHASE FLOW AND PRE55URE LOSS CONSIDERATIONS
The two-phase flaw components of the LM-MfiD System are the
mixer, the ^1D duct, the nozzle, and the separator.
A. 1i. 1.1 Mixer
The mixer provides a homogeneous (bubbly) fl^.^w into the MHD
duct. Within the mixer, the two fluids (argon and sodium) are brought
together and mixed to forrr^ the desired flaw. The problems associated
with the mixer are the evaluation of the pressure loss incurred and the
design of a system for minimum pressure loss. Although a significant
technology base exists for fluid mixer designs, the two-phase ( gas--liquid
metal) systems of the component size required for this study makes it
a development item. Indeed, the need for homogeneous (bubbly) flaw with
low pressure loss has led to the need for a preliminary conceptual design.
Preliminary analysis shows that, based an the desired MILD duct
inlet flaw void fraction (65^), the two -phase flow would naturally Cend
toward a dispersed-type flow pattern (liquid droplets entrainpa in the
gas). This observation is based on established correlations for adiabatic,
horizontal, two-phase, two--component flow for air -water systems. Thus,
initiat^.ng and maintaining a bubbly flaw will be difficult. Factors
to be considered in establishing bubbly flow include the mechanism of
bubble generation, bubble size, and bubble influence on the dynamics of
the mixture.
The usual method for introducing a gas into a liquid medium is
through an orifice or porous plate. Depending on the gas velocity, the
gas can be introduced as discrete bubbles that are formed at the orifice
and subsequently break off or as a gas jet which eventually breaks into
individual bubbles. when discrete bubbles are formed at the orifice,
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the equilibrium bubble size (break-off size) is determined by balancing
buoyance, surface tension, inertia, and viscous forces.
'£he pressure drop across an orifice where bubbles are being
farmed is given approximately by
Zo
Ap = R
where R is the bubble radius at break-off and o is the surface tension.
For sodium/argon, where o ti 0,191 Z^/m (0.0131 lb /f t), the following table
is constructed.
Table A 11.1.1
Bubble Radius ve^ Orifice Pressure Drop
^^
Bubble Radius. in
0.6001
0.001
O.D1
0.3.0
0.25
D,SO
^p p5i
22	 L Range far
2.2	 J[ porous plates
D.2z
0.022
0.0087 Range fororifices
O.OD44
Assuming that bubble size is on the same orua ,^ of magnitude as the orifice
radius, the above table indicates the range of pressure drops that could be
expected under ideal conditions where dynamic and interference effects
are neglected.
Ttie criteria of a jet issuing from an orifice (as a pposed to
discrete bubble formation) are: ;riven by the dimensional i;quation A 11.1.1
(Reference 11.9).
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= 1.25
I g^g a(p f - pg}]1/^'	 (pf -- p g ) Ro
where Vg is the gas jet velocity, p f and g c are the liquid and gaseous
component densities, Ro is the orifice diameter, and g is the, gravitational
constant, or, for the sodium--argon system, for example,
a.s17 vg ,o.4ss x lQ 
2
R0
Where Ro is in ft 'and Vg is in ft/s.	 ,
Assuming Vg 100 ft/s,
0.325 V > 4.0248
g	 Ra
R ^ 0.4077 in
a
Thus, far an orifice radius of fl.195 mm (4.0077 in) or larger the argon
gas will enter as .^ jet stream; below this orifice, discrete hobbles
will form.
The pressure loss in the mixer can be detezanined from a moman-
tum balance across the system. The gas--side Pressure requirement is
obtained by considering the details of the method of injection. If the
bubbles are injected so that discrete bubbles form at the wall of the
mixer, the gas-side pressure drop is givefi as
__ 2a
^p R
o
where 1t is the radius of the orifice. Pressure losses for various
0
orifice sues are eiven in Tab^.e A ll.l.l. If. on the other hand. the
HPorous Mixer
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design is such that the gas enter the liquid as a jet stream {subsequently
breaking into bubbles}, the pressure lass is given by the usual orifice
equation:
P V 2	 p V 2{Pg - 1'm^) = Z -g-^- f K --2--^ -	 {A 11.1.2)
gc 	 c
Far worst case conditions, K can be taken as 1. Taking V g at 30.48 m/s
{100 ft /s), the pressure loss across the orifice is 40.06 kPa
(5.$1 psi) ( gyp/p = O.OU48}. The preferred method of mixing the gas and
liquid would be by formation of a gas jet stream that sufficiently penetrates
the liquid stream. With the cases where discrete bubbles form at the wall,
there would be a high likelihood of bubbles agglomerating within the
liquid-wa11 bounder}► layer which could lead to an undesirable s1.ug flow
development.
The design of the mixer can be based on two cases:
• Accelerating the liquid metal prior to its entry into the
miner to the required duct velocity and designing the mixer
to maintain a constant mixture velocity
• Designing the mixer for constant area so that the gas-liquid
mixture is accelerated to the desired duct velocity at the exit
of the mixer.
An advantage may exist with the fixst approach, since this
design may enhance the stability of the bubbly flow. Figure A 11.1.?
shows a conceptual design of one-mixer system where gas is injecter!
into the liquid through air-foil shaped plates. This design leads to
law friction losses in the mixer (approximately 2 psi assumes an effec!-ive
of 20)^ and, accordingly, this irictian loss was neglected compared to the
losses associated with ocher major components.
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A 11.1.2 HIIiD Duct
'ltao-phase, two-component LM-HOLD generators have been tested
at law temperatures in small-scale models by several groups using NaK
and nitrogen. Duct efficiencies o€ about 50% have been reported
{References 11.1, 11.2, and 11.3) with recent developments in identifying
and controlling boundary layer, shunt losses, and end-loss attenuation
two-phase theory and experimental data have been brauglit into closer
agreement, When applied to large-scale systems, these models predict
HiHD dust conversion efficiencies of around 75%.
Additional experiments in the USSR and West Germany
{References 11. I0 and 11.11) have shown good performance withn^^t
degradation at higher temperature ( ti 800°K {980°F)]. The ^nrincipal
pexformance parametexs appear to indicate as good or better perfoxmance
on large-scale systems and wov.ld lead one to propose maximizing duct
size and plant power levels. These performance parameters do not, however,
reflect the real-life limitations imposed by structural and physical
system requirements. These include structural designs capable of operation
at temperature and high pressuresj10.13 HU'a {100 atm)] and the transmission
by conductors o€ large amperage currents at low voltages from the ducts
to inverter systems. Such limitations as these result in size and
arrangement constraints on the HiHA ducts.
The nature of the two-phase flow within the HfrTD duct has been
described as churn turbulent-bubble flow. Because of the complex nature
of this flow, in part due to the uncertain effects of the interaction
between slip and electrodynamic £Drees, an analysis of this flow £field
cannot be made in closed farm. Empirical expressions have bean developed,
however, that attempt to account far the major flow phenomena. As
indicated above, collaboration of these models on small systems have been
successful to the extent that experimental HfliD duct performances can
be predicted over limited operation conditions. The stability of the
bubble regime within the HEiD duct in a large system remains uncertain.
`The electrodynamic force retarding the motion of the liquid, coupled
,,
.,'^
with a gas transpiration (gas injection to ciresmvent electrical shunting}
f
along the duct walls may act to retard farmatiox: of the stable, dispersed 	 -
annular flow regime. T]etails of the calculational model used to predict
MEiU duct performance in this study are described in detail in Appendix A it-2.
A 11.1.3 Nozzle
After passing through the PgiD duct, the flows are separated
into two fluid streams (sodium /argon), and the liquid pumped back to the
in:f_t pressure conditions. The technical complexity and practicability
n: these requirements are severe. The large volume of liquid metal
that must be pumped [b3.09 m3/s (10^ gpm}j far exceed current
state • of the arC in liquid-metal pump s^.zes. Projected mechanical
pump sizes far commerical fast--breeder reactor plants are on the order
of 3.785 m3/s (60,040 gpm}.
An al .*.ernative to using a liquid- -metal mechanical pump would
be to impart sufficient dynamic head to the flowing liquid metal (from
the gases) through the two-phase nozzle that is connected to the exit of
the HIEi?} duct. The objective then would be to recover this dynamic
heat (after the two fluids are separated) in a liquid diffuser. The
hydrodynamics of such an approach are complex. The requirements an
the acceleration of the liquid phase by the gas in the nozzle section
would be highly dependent an glow regime. The flow tends toward annular
or dispersed annular regime. in annular flaw, the liquid metal flows
along the containing walls, and viscous effects and phase slip would
severely Iimitliquid flow velocity. With dispersed flow, the liquid
exists as droplets entrained in the gas phase. Although the phases
are close coupled so that the required dynamic head could be imparted
in the nozzle, the lasses that would be incurred in separating the phases
would be greatly increased. The problem is further complicated, since
the required velocities in the nozzle are such that sonic flaw conditions
in the two-phase system could result. The required liquid velocity
corresponding to an 8 . 274 ripe (1200 psi) dynamic head is 143.2 m/s
(474 ft/s). Sonic flow conditions correspond to about 152 mfs (500 ft/s}.
The affect on the flow of achieving sonic and near sonic flow conditions
is to increase system pressure losses, increase erasion of materials
(because oa high velocity), and enhance structural problems resulting
from vibr9T,ions and "water stammer" effects.
A second alternative to conventional liquid-metal pumps is an
electromagnetic (FSi) ptmtp. The concept would employ a return duct
within the same magnetic field developed for the M[iD duct. The
power required to drive the EM pump could be shunted from one or more
of the adjacent MEiD power ducts. The practicability of building such
a pump and its xesulting performance are uncertain. State of the art on
such syetema is for comparatively small scale, 0.40012 to 0.315 m3/s
(2 to 5,000 gpm). Developmental costs for large EM pump systems,
however, would not be expected to be as exhorbitant as the LM pumps,
since the regt}i.red magnet and ducting are scalable. A preliminary
design and cost of one 15.77 m 3/s (250,004 gpm} EM pump is described
in Appendix A i1..5.
A 13..1.4 Separator
The gas/liquid separator system must effectively separate
the two fluids with minimum pressure loss. Should the separation be
ineffective, carry--ove'r of liquid metal with the gas wi11 occur. This
may be in the form of an oxidized aerosol that could carry far some
distance in the piping system. Such aerosols may present problems
with rotary seals and blade erosion in the gas compressor system.
Experimental data an small-scale impingement-type, liquid metal-gas
separator systems indicate 95 to 99 % effectiveness.
Large pressure lasses in the separator degrade system perfor-
mance. This is particularly true where high talocity heads are
imparted tc, the liqui^t metal. by the gas and subsequently recovered in
a liquid-metal diffuser. Again, with small-scale systems, 10%
pressure losses are common.
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The plate-separator system considered here is to impart sufficient
momentum to the liquid metal so that it will not follow the gas through
the turning angle or bend. The liquid impinges on the plate surface
and forms a fully liquid system entering the diffuser slots. Plate
angle and flow surface length are design parameters, as are also slot
sizes for ea try to the diffuser section. Figure A ll.i.2 shows a
conceptual design of a gas-liquid metal separator and diffuser that
•	 utilizes the above described method.
Flow regime (bubble, annular, or dispersed) will greatly affect
the effec^:iveness of this separation method. Other separation schemes
include :3ecelerating the flaw to allow gravity separation or direct
impingement of the liquid-metal droplets in a radial-type turbine.
The major disadvantage with these systems is that the dynamic pressure
head will be lost and erosion could be severe.
A 11.1.5 Evaluation for System Pressure Losses
Because of the sensitivity of Brayton--type cycles to pressure
lasses on cycle performance, care was taken to assure a fair (and
probably optimistic) evaluation of this factor, To evaluate these
losses v simplifying assumptions were made (namely, one-dimensional
homogeneous flow) because of the camp laxity of treating two-phase
flows anal the uncertainty about which two-phase region would actually
be encountered. In some cases for example, the MHD duct -•--friction
losses were neglected. Mast of the system losses were incurred in the.
heat exchanger components (single-phase flow). With these components
pressure losses were ge:teraliy assumed (based on experience), and heat
exchanger designs were developed that would satisfy the constraints.
Table A 11 . 1.2 summarizes the basis far evaluation and pressure
loss values that were used in evaluating the LM-MF^Il cyci.e.
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DESCRIPTION OF T13E T.1^f MHO DUCT AND CYCLE CCMPUTEli MODEI, 	 ( ,.
A computer program was written for rap^ .d evaluation of i^^-igiD
cycles. This report describes the basic assnmptions and analytical
-^
utethads incorporated.	 r	 _
(
In the cycle discussed here a gaseous phase is dispersed in a
liquid metal at high pressure and temperature. 'This mixture expands
through an i^EID duct in which the liqu3.d metal provides the electrical
conduction path. The two components are separated downstream of the
duct, and the reject heat is removed from t^:e gas stream. The two.:
.	 phases are separately pumped back to duct ^.n^.et pressure and heat
added to one or both streams prior to remixing.
A. 11.2.1 t;aatinuity ialations
Three different measures of gas fraction in the mixture are
used which we define as follows:
wg
 =fraction of total mass flaw rate as gas
w^ =fraction of total mass f3.ow rate as liquid
^g W fraction of total volume flow as-gas
^^ = fraction of total volume flow as liquid
^g = fract^.on of cross-sectional area occupied by gas
^^ - frac^cion of crass--sectional .pccupied by
liquid.
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as the ratio of weighted mean svecific heats o^ the mixture, then the
integral expression becomes:
^2 _ P2 y	 {A 11..2.9}
^1	 P1
^^^P2^4y
	
^'^g1 ^ P1 J	
(A 11.2.10)
Tfcese eaGpressians must Sae modified to accauut for entropy
changes. tihat w.i11. occur . in a rea^..situat^.an.. taus, as in gas turbine
practice, we ktay define isentropic nr polytropic expansion e^f^.ciencies
sudh that:	 .:
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The small stage efficiency in xhe MHD duct, however, will 	 ^^ .
normally vary significantly dur_.ing the expansion. 'phis fact requires a
I=
numerical integration of the differentia]. form of the above equations. 	 ii
This may take the form:	 ;`^
,f
-	
1
depending on whether one wished to integrate between pressure, tempexature,	 ^
' or specific volume (void fraction) limits. 	 `j	 ^
^t
A 1.2.2.3 ^f^.ciency estimates
	 j{	 ,.' ^
Tha performance a£ the Lii-MQD taro-component, two-phase cycle,	 ^^
as with any 33rayton-Bice cycle is acutely sensitive to irreversibilities	 ( - _:: ; s
i;	 ,
in tfxe individual components. The expansion efficiency is of partiicular 	 ^;'•	 5
concexn. The following sections are thought to include the most sig^.fi-
	 ^^
r^	
^^
cant expansion. losses.
	 ^	 ^
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A 11.x.3.1 Drag ,Dosses
__Due to Slip batcaeeu the L3.quid
and Gas	 ..., , , .	 ..^....
The liqu3.d and gas axe equally subject to forces arising
from a . pressure gxad^.ent do the d^ .xeatzan of flow. These forces
are countered in the liquid metal by body forces of electromagnet^.c
origin implicit in the canversien to electrical energy. .Since the
pressure foraes an the gas axe xesisted only by drag bet^reen the liquid
and gas, it necessarily follows that the gas. velocity . wi.11 be greater
than the liquid velocity and that gxessure and kinetic energy will be
degraded back into thermal energy by effects of drag farces and
relative velocity... 	 ^	 ...
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The mechanica3 energy converted to e3ectrica3 (other 3osses omitted) ner
unit va^.ume of mixture per unit time is
This : mechanical. energy reconverted to therma3.is;
(A 33..2.23)	 ^.j
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where
t1
S = .^
^	 _	 ^
Zt is noted that quantities S, S, and dP /dx dominate this
expression.-	 In order to evaluate ns the slip ratio, S, must be
a
determined, depending ^.n turn on the relationship between drag farce
	 tl
and relative velocity. 	 Argonne National Laboratory personnel have	 `^
a
suggested the formula	 ;^
+
`	 F
1)g = -C^ p^ (ug - U^ ) 2 ( 1 -- ^g ) 3 	 (A 11.2.28)
based on experimental data by Zuber et al. (References 1.3.12 and 11.13}.
Y
It is noW assumed that fhL a Faraday generator, the magnetic	 ^^!
f1u^c, the duct width normal to the magnetic field, and the liquid
velocity . will be held constant, as far as is possible.	 This will tend
to hold a uniform, open-circuit vo3tage. 	 }
From Equation A 33.2.16
}
dp	 di1
^	 _ ^ - CUQ^ (Ig :^ U^} 2 { 1 - ^g ) ^ - iJgz ^ - 2 p gIg ^ ^ U
i
2p	 5 dS + C 	 P	 ( S -1} 2 (1- B ?^+52 ^g ^ 	 1	 dP -4	 ,g	 dx	 D	 :^ 	 dx	 2 dx --	 $	 U
^	 i
_	 (A 1.1.2.29)
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An examination of the numer3 .cal values of the terms of this
'..	
equation show that the . drag farce and pressure grad^ .ent terms are highly
{	
dominating.	 2'[iis 3ust3:fias o^ittirig the term involving the gradient
., {	 in slip and.ca].aulating slip, on a quasi steady-state-basis, frpm the
11
4.	 1,oeai gradients in. pressure . and density.
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This slip value may be substituted into Equat^.on A 11.2,26
to estimate the slip contribution to local duct efficiency losses. As
applied here
RQ=O
consistent with axially uniform liquid velocity.
A 11.2. 3.2 Ohma.c Losses from %Xonuniform Ynduced E '^ IE' and
k'luid Shear Losses
These lasses are closely related, and it does not seem
possible in the general case to decauple the two contributors except
for end Lasses.
In ordinary pipe flow the focal pressure gradient along the
length of the pipe acts primarily to overcame fluid shear stresses. In
an Pi^ID generator it is intended that the pressure gradient react
primarily against eleatromazmetic body forces, thexeby resulting in
useful energy conversion, with fluid shear stresses kept reasonably
small. It is, thus, not expected that the velocity distribution in an
T^fiD duct will closely resemble that usually encountered in pipe flow.
Any nonunifarEnity in the magnetic field -- in the magnetic field
direction -- wil1, for example, result in a corresponding nanuniformity
in the electric field that will tend to increase the ohmic losses.
It will also result in velocity gradients that will increase fluid friction
losses and feedback into the electric field distribution. Velocity
gradients at the boundary resulting from wall drag will similarly
interact with the voltage and current fields.
This fairly complex source of efficiency lass has not been
treated in detail. It has simply been assumed that the voltage and
velocity fields are uniform. The result is an efficiency factor
of EjEo that is the working voltage aver the open-circuit voltage,
as app LCed to the MHD duct proper.
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At each end of the duct the induced. voltage drops with the
^:	 :	 ^
ti.
E.,
magnetic field and no longer counters the applied voltage. 	 This
results in reverse current flaw and loss of electrical energy in ohmic {{	 ?^
heating.	 The effective resistance of an ^.nfznitely Long approach
I
with a share magnetic field drop was calculated by Sutton (Reference 11.13} ii
I
as 4
a
{A 11.2.30)
e	 2W^b:{2) _
'
'.a
The ohmic lasses can then be calculated as E 2/Re for each
_.
end of the duct.	 It has bean shown experimentally at Axgon that these ';
losses can be reduced by approx^.mately an order of magn^.tude by
appropriately tapexing the magnetic field.
^s
A 11.2.3.3	 Departure from TY►ermal Rquilibrium 3
As Hated above, the ideal cycle is predicted on thermal
equilibrium between the liquid and gas. 	 Ian actualzty, the expansion
^;
work performed by the gas component results, for the most part, fro g the
thermal energy of the liqui^.:, 	 Thus, there will necessarily be a '^^
temperature drop across the Liquid-gas interface, whose value depends j.
an the required rate of heat transfer and the thermal resistaitae. 	 It ,^
is expected that the gass will be dispersed ^,nto a large number of
small bubbles with sufficient surface area that the temperature
difference will be small. 	 For present purposes this source of
irreversibility is not studied.
i 7
..	 ^^
^	 A 11.2.3.4	 Thermal Lasses through the Duct 4ta11 ^	 ,
•	 i	 These constitute a direct source of energy Lass and may be ^
estimated from the overall thermal resistance from fire inside of the --^^,
duct wa11.	 For large Z•ffiD ducts these are expected to be sma11 and _	 '^
have oat been studied.
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affect the msgn,et3.a field. Thia cam be appr^r^iutated. '^y pxopex 	 ,':;
arrangement of the conduction pa.tt^ outs^:de the: duct so t^^t no het 	 ^	 .
.	 ^	 snagnet3;c : flux is .contributed by tie duct currezit. 'fhen tYse open-
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	 (A 11.2« 3^.)	
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where. E^ is the- '^olts 	 .
S 3"s rdaenetic flux. T.
By equating the electrical power density to the gradient in
enthalpy flow rate tae can relate the physical length of the duct to
the electrical and thermodynamic parameters by
t l 2
dX	 S^	 (1 — ^ )	 ^BoJ	 -
^ _ —sH£
 ^ ^ ' v 
-g 	
B	 g	 (A 11.2.35)
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A 11.2.5 Steam Bottom Cycle
The steam bottom cycle is calculated in somewhat less detail
than the rfEII3 top cycle. The procedure amo^3nts to assigning portions of
the thermal energy ze3ected from the top cycle to
• Steam generation and superheat (if used) ,
• Steam reheat
• Combustion air preheat
• Rejected heat.
Internal reversibility €actors are assigned to the bottam
cycle for each component heat source used directly in the steam cycle,
and a stack loss efficiency factor is assigned to the combustor—pximary
heat exchanger combination. The overall thermodynamic efficiency is
calculated for each heat source component from the appropriate
temperature profile according to the equation
T
nth	 1 -- TC 1^n C 1^) / (T1 -- T2)	 (A 11.2.36)
2
Hare TQ is the steam cycle sink temperature, and T l and T2
are the upper and lower values along the tap cycle gas temperature profile.
'These components are combined to calculate overall bottom
cycle power and efficiency and combined cycle power and efficient}*.
L1--lOC
..
^ :.
A 11.2. b S7^put i7ata for Numerical Calculations
The fo7.lowing information is read as input into the pro^;r^^n.
s Cycle configuration
-- The number of compressor stages each with a pre (inter)
cooler ahead (up to four stages}
- The number of regenerati^ne heat exchangexs (as either
zero or one)
e Fluid properties
., Cas molecular weight
- Gas specific heat at constant pressure
- Ziquid density
r Eiquid specific heat
- Liquid e '^ ectrical resistivity
^ Calculationa7. options
-- dverall combined- -cycle power output may be specified
together with instructions to iterate on duct inlet
cross-aectinn size (constant aspect ratio maintained).
- The dact efficiency estimate internal, to Che program
may be overridden by input of a constant duct
efficiency.
- Thermodynamic caicuiations may be followed by an.
additional routine that estimates component costs.
a^ Component characteristics
- Separator efficiency as a fractiion of gas and fraction
of liquid channeled into the gas stream. Ideallg.
these fractions would be 1 .0 and 0.0, respectively.
11-101.
g;
^^
- The temperature difference across the regenerator. This
difference is constant since the heat exchanger is
linear.
- Reduction factors to be applied to duct inlet and exit
values from Suttont s forEnula of ohmic end losses
• Magnitude parameters
- The inlet duct width, in the direction of the magnetic 	 ^	 -.^
field, and the duct thickness in the direction of the	 ^
electric field. The former is allowed to vary along
the length to maintain constant liquid velocity, while
the latter is held constant. 	 .^`j
- Output power may be specified. If iteration to this
power is desired, the inlet duct dimensions will change ?	^`^
in the same ratio, to the size required for that power.
c.
i
4 ..
- Any one of the above parameters is specified at the
duct outlet.
3.1-1:02
7:._
., Temperature is specified at the gas stream vut3.et
of the steam generator (the first-heat exchanger after
exparis3.on in the duct}, and a aomriion gas temperature
is-given at each of - . the compressor. inlets.'
- The steam - cycle bottom temperature . 3.s specified.
• Bottom anal.averall cycle characteristics
-- Reversibility index fox each source and use of thermal
energy into the steam cycle
- Stack efficiency
- Fraction of thermal energy from the steam generator
(between points 6 and 7} assigned to steam reheat and
the temperature limits aver which this is taken.
A 11.Z.J Calcu3.ational Procedures
	 -:
A ll. 2 . J .l AiHD Cvc^.e	 '	 ^'
3
The starting paint for cycle analysis is the mixer er.it (Point	 ^^
^'	 ^
1 in Figure A 11.2.1}. The changes in temperature and enthalpy are
determined from the ohmic heating as the mixture a^sproaci3es the duct 	 k	 _:
,. ^.
inlet (Point 2} .	 >•
Ilepending an which .duct outlet parameter is specified, the
change in value over the duct . Zength is divided into increments and a
numerical integration carried out to determine conditions along the duct,
making use. of Equations A 11.2 . 13, A 11 . 2.14,or A 1I.2.3S: A.t each	 ^
mesh po3.nt the slip ratio and the efficiency are calculated for us.e in
thenumer^cal integration. Also, the - duct length ^.ntegral and the duct
truss-sectional area axe calculated:`
Again, ohmic heating at the duct outlet is est^.ma^e.d.to give,	 „:^
conditions at the separator inlet. Th"e.enthalpy change :from Eoint; . 3.	 _
to Point 4 is the woxk..performed , by the:,;duct.., ^..:	 -
-
-	
`.
..

The system component pressure losses allow the compressor
pressure ratio to be calculated, which, combined with the.ccmpressor
inlet temperature input, permits estimation of conditions at the exit of
each compressor stage using the compression analogue of Equation A. 2.12
with the input polytropic efficiency. Equal pressure ratios axe assumed
for each stage.
Temperatures are given at Paints 7 and 9; thus the input
approach temperature difference allows temperatures at Points 8 and 11
to be determined.
Proceeding along similar lines, we can calculate the outlet
conditions far the liquid-metal pump. Here the p^.m ►p work is increased
by the reciprocal of pomp efficiency, with the excess work appearing
as thermal energy in the liquid metal.
To close the cycle it is only necessary to add enthalpy to
one ar both streams between Paints Il and 12 or Points l8.and l9 to
return to mixer outlet enthalpy. The program calculates temperatures
at the mixer inlet far various splits between heat addition to the two
streams.
A 11.2.8 The Program
The listings of the program and subroutines are given in
Subappendix AA 11.2.1. The input data are as follows:
ATWT	 Molecular weight of the gas component
CP {1)	 Specific heat at constant pressure of the gas
component, Btu/lb-°F
DENS	 Density of the liquid, lbJft3
CP{2}	 Specific heat of the liquid, BtuJlb--°T
RE5I5	 Resistivity of the liquid, ohm-cm
VBL	 i.iquid-metal duct velocity, ft/s
S$IDE(I)	 Dust inlet width in magnetic field direction, ft
THxCK	 Duct thickness in the electric field direction, dt
VZ^	 Duct open-circuit potential, V
it-lay
1'^
.^	 ^ i
ii
^ FL^ Duct magnEtic flux, T
'
VL¢AD Duct loadiag, V/V
SL
I
Duct.inlet slip ratio
'' FACT{2) } Reduction factors for Sutton's formula far ^.nlet
EFC Compressor polytxopic efficiency
EFP Pu^ap efficiency
• PI(l,l) Duce inlet pressure, psi
TF(l,l) Duct inlet temperature, °F
F(l,l) Duct inlet void fracti.an
PI^UT Duct exit pressure, psi
TF^UT Duct exit temperature, °F
F¢Il'T Duct exit void Exaction
TF(l,9) Compressor inlet temperature, °F
' TSZNK Steam cycle sink temperature, °F
NC¢t^ Number of compressor stages - 1, 2, 3, or 4
^ NREG Number of regenerator stages - 0 or l
THETA Regenerator approach temperature difference, °F
TGEN Gas stream temperature leaving steam generator
at Point 7, °F
TFFD Lowest temperature usable for Eeedwater heat, °F
! FSEP(l) ,^,
F5EP(2) Fraction of gas and liquid entering the gas^
DELP {4), Fractional pressure lasses in the gas stream
DELP (G}, through the separator, steam generator, and
i;
:^tELP ( 7) regenerator hot side, respectively
it DE'LF(^4^i) ,
DELP{3i3), Fractional pressure losses through the compressor
3`' DELP(^+8}, precoolexs
;.,
DELP (5 S)
', DELP{1D), Fractional gas stream pressure lasses through
_ DELP{ll), the regenerator cold s^.de, source heat exchanger,
F:;. DELF (l2}. and mixer, respectively
s^
nELk'(14) Fractional pressure loss in liquid-metal stream 	 ^^
through the separator
vELP(lfi} Pressure loss through any additional corYanents
in liquid-metal stream between the separator
and pump
DELP(18), P`ractional pressure loss in liquid stream
DEL,P(l9) through source heat exchanger and mixer
ETAS (6}	 Internal reversibility index of the steam cycle
app33cab le to thermal energy fed Exam the steam
generator
ETAS(28), Interna3. reversibility indices o£ steam cycle for
ETAS(3$), thermal energy entering the cycle through the
ETA5(4$), compressor precoolers, combined with the fraction
ETAS(5$) of the heat used in this way
EFSTCK	 Stack efficiency
ETAPRE{2$), Fraction of the thermal energy from the compressor
ETAPRE(3$)' precoolers used for combustion air preheat. Note
ETAPRE (4$) , ETA
pRE (N) i- ETA5 (I3} < 1
ETAI'RE (5 $)
REHEAT	 Fraction of thermal energy from the steam
generator (between Points fi and 7) used for
steam reheat
Tom '	 (NPPer and lower limits Cbottom cycle hole) aver
TFL1¢4TN 
JJJ wh^.ch thermal energy is used as steam reheat
EFRHH	 Internal reversibility index for thermal
energy used as steam reheat
NC^`5T	 Index for cost routine option 1 if cost routine
is to be used, 0 otherwise
NT.TER	 Xndex for option to iterate on power. 1 if
iteration is desired, 0 otherwise
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Namenclatuxe ,'	 ^+.:.
^:. B Magnetic flux. density
'Il'
CD lnterphase ,drag coe^ficie^it ^	 `.(t
C^ Specific heat of ]3quid meal,
3^
C Specific heat of gas- at constant nxeasure }t'
- Gvg S eci^ic heat. of
	
as at constant volume	 ^g	 ^ 1^.,..
i
Dg lnt^rp^fiase - drag force acting on . gas comps^nent !^	 ,
per unit volume gas i
D^ Intexphase drag force sc9;3.ng on liquid component
per unit volume gas i
E Working po.^.ential across .duct th .^.cknFSS ,i -.	 {
Ep Ogen--c3 .^rcuit pntexztial across duct tYsickness ^	 ;
^^ Volumetric enexgy convexsio^x rate.. ^`
g^ VDluunetxiC enexgy degradati6n .. 1"St6
_
f
R
E^.ectramagnetic body farce acting 4n liqu3.d.metal
g Gravitat^.anal constant -	 _
H. 24ixture enthalpy
^ Currant density
P Pressure ^ `^,
p Powex
R Gas law constant ^ ';
R Effective and electrical resistance
s ;
Rg Gas momentum velocity grradient s
3
R^ Liquid momentum velocity gradient a
S Slig ratio, 1Tg/l.^ ^ ^
T Temperature ^.,:
_
'^
t Duct thic'ict^ess noxmal to the magnetic field- ,' :. ^
lag Gas-phase velocity ` -
q^ Liquid velac^.ty ^ ^'	 ,
- ;^^^3
A^
IEE
I^
^f
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:` ti
a
^i
^
Y^
^^^
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^'^
^i
^?
^:	 ^
r
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r
ll-7.].0
v	 Gas specific volu^ae
v^
	
^.iquid specific volume
FF
	
^Tidth of duct parallel to magnet3.c field
w
	 Fraction of total. mass flo'^r as gas
w^
	
Fraction of total mass flaw as liquid
X`.
	
Coordinate along duct Length da.rectian
^g
	 Fraction of cross—secta.ana.I. area occupied by gas
^ ^.	 Fraction of cross—sectional axes occupied by liquid
Y
	
Weighted mean specific heat ratio of the mixture
^i	 Isentropic expansion efficiency
^F
	 Palytxopic expansion efficiency
^s
	 Slip efficiency factox
^Yh
	
-ideal therrrtodynamic efficiency
x
	
Electrical. conductivity of the pure liquid meta].
P&	 Gas density
pw
	 Liquid der^ity
6
	
Electrical ra^sistivity n$ the mixture
^g	 Fractiaz^ of total volume flaw ss gas
$^
	
xaactian of total volume flaw as liquid
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nearby magnets of the other ^ID ducts. By minimizing the stray fields
through the use of iron flux shunting paths, the above problems
have been eliminated
BAs with the open- and closed-cycle plasma MHD generators, the
design of a superconducting magnet for ^ri^r^n appl^.cat^.on does not
require any new technological developments with respect to the
superconductor. Since the magnetic field is below 2 T at the wire,
presently available multifilament niobium-titan^.um superconductors
operating at 4.2°K (-X52.13°F} were determined to be sufficient for
this application.
+A.ccordingly, the base case design h,ere^.n described has been
determined, utilizing the following design boundary conditions:
.;
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A 11.3.2 Magnetic pield Analysis
2'he principal features of the electrical design for the base
case Y,M-M^ generator are shown in figures A 11.3.1 and A 11.3.2.
Magnetic field calculations for this design. were carried out using
an existing computer program (References 11.15, 11.16, and 11.17) that
ie based on a numerical evaluation of a Fredholm-type integral for
solving two-dimensional magnetostatics problems in rectangular coordinates.
The uniformity of t''^e field along the entire length of the generator
ducts were determined by computing separately the fields far the
generator entrance and exit crass sections,
The linear current sources were assumed constant and having a
value of 1.1875 MA/m throughout the calculations. The total winding
current required to achieve this is i.202 x 10 7
 ampere-turns {At} at the
generator entrance and 2.69 x l0 7 At at the generator exit. 'The field
calculations also assume that the iron pole width is 2.225 m (7.3 ft},
that it is located 0.3048 m {l ft} from the duct wall, and that it
extends 0.3048 m (1 ft) beyond the duct corners.
,:. -
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Fig. A I1.3.1 —The liquid-meta! MFi p genera#or magne# design employed
in magne#ic field calculations
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Eig. A 11.3.3— Magnetic field uniformity for the exit and entrance faces of^the
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The calculated magnetic field uniformity across the entrance
and exit duct faces is shown on Figure A 11.3.3, where lines of
constant percent deviation from the value of the field at the duct
centerline are given. The field uniformity is better than 4Y at
the entrance and 69' at the exit of the generator, where the centerline
fields axe 3..352 and 1.438 T, respectively. Based on the maximum
and minimum fields in the generator ducts the overall field for the
electrical design can be expressed as 1.373 T ^- 5.6^.
If the iron pole width was increased from 2.225 to 2.53 m
(7.3 to 8.3 ft} then the overall field was found to be 1.387 T
+ 4.8q . This is - an 0.8 point improvement in the spread of the field
determined for the 2 . 225 m ( 7.3 ft) pole.
A 11.3.3 Conductor Design
The environment of a LM-^rfHD magneC system does not require
the selection of sophisticated superconductors, orimaxily because
there are no ac or transient magnetic fields present. Furthermore, the
magnetic field distribution cannot accommodate graded cainding designs
'	 because of the presence of cross-over turns linking the magnetic field.
Since the peak field seen by the duct for the E^Ni-I^ID concept
is approximately 1.S T ar less, a filamentary niobium-titanic
conductor has been selected for the base case design.
The most important aspect to the conductor design is selecting
a reasonable operating current density for the winding. Illustrated in
Figure A 11 . 3.4 is a normalized plot of the critical current density, 3c,
far niobium-titanium wires as a function of the peak field on the wire
(^c(5T) ti lOg A/m2}. A:i operating current of 5000 A was arbitrarily
selected fox this magnet. A conductor with filaments of 100 um
(0.00394 in) or less, which is twisted approximately 39.4 i:wists per meter
(1 twist per inch) was selected to inhibit the possibility of flux
3cp instability in the wire when the magnet is either being charged
ar discharged. A winding packing factor of 0.7 and a conductor aspect
x	 ratio of 2 to 1 were established as sufficient to accommodate liquid
I ^I	 I	 (	 I
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helium cooling and the necessary distributed support structure. Ta
ensure stable operation, a 3 to 1 copper^ta-superconductor ratio was
selected, which is not a sufficient amount of copper xo crystabiiixe
i
the winding but should be sufficient to dynamically stabilise t^'ie
winding. Although the MEiD magnet is a do device, provision for 	 ^
operation margin must be made. If one has temperature excursions of
	 1
bet'.^een O . l to 0.2°K {0 . i8 to 0.3&°F} from the nominal 4 . 2°K (-432.13°F)
3
in the windings, an operational current density ^ of about 0.5 ^c
at 4.2°K (-452.13 °F) affords a reasonable compromise between high 	 3
current density and thermal margin and was selected as the design
	 .
pai..0 for the peak field region in the winding. Accordingly, a
winding current density of 2 x 10 8
 A/m2 was selected for the electrical,
design of the liquid metal base case magnet design.
A 11.3.4 Stored Fner^r and Inductance Gonsideratians
The stored energy of the system, Fs , can be calculated if
we consider the iron to have infinite permeability in comparibon to
air from
^+ ^ B2V
s 2po
where B is the average magnetic interaction in the duct, v a is the
permeability of free space 4r x 10 7 H/m and '^ is the fatal
volume between the iron pales.
Since the typical magnets considered have large inductances,
it is advised that the winding be subdivided and powered by separate
power supplies to ensure reliable operation.
A 11.3.5 Mechanical Design
The mayor structural problem in the design of the dewars is
the provision of a lightweight wall. structure to minimize construction
casts, that is compatible with the bending moments generated by the
electromagnetic farces an the coils. Because of the necessity of
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enclosing liqui.. Helium in the dewar, it is impratical from a heat
transfer standpoint to provide supporting struts to the warmer
structural elements, The dewars are to be essentially self--supporting,
except for the provision of support columns at the base to sustain
the dead weight of the structure.
For maximum economy and minimum weight the dewar wells
subjected to bending loads were designed in plate-girder form. The
spacing height and thicicness .of the webs were optimized With the
thickness of the plates to produce a minimum weight structure consistent
with the restriction of design stresses and buckling. in some cases,
where other design considerations were dominant, a nonoptimal
(in terms of weight) structure was used.
Figure A 11.3.5 shows the essential elements of the dewar
design as discussed above.
A 11.3.6 Beat Transfer Analysis
The requirement of maintaining a superconducting magnet at
4.2°K (-452.13°F} within a tolerance of 0.2°K (0.36°F) can be
achieved with existing technology. Liquid helium and nitrogen
systems can be operated continuously fcr a year or more. Yn the past,
the limiting factor in system endurance was clogging of the flow
passages due to the freezing out of impurities. The major impurity
source was compressor oil. Presently, dry compressors, tube expanders,
and reduntant compressors in a closed-loop, cryogenic refrigeration
system can be operated continuously for several years. Cryogenic
refrigeration equipment with sufficient reliability to support the
superconducting magnets for the t^A generators, therefore, are available.
A survey of the manufacturers of refrigeration equipment was
performed several years ago, and these results have been applied in
estimating the electrical requirements of the refrigeration equipment.
No allowance has been made for technological improvements that may be
made to increase the percent of Carrot efficiency of these machines.
It is expected, however, that the continued emphasis on utilizing
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Table A 11.3.1
St^maxy of Cooling Requizemeuts fax Liquid-^Meta1 MEID Design
Heat Input,	 Mass Tlow, Electrical Load,	 `
Laad W	 1b/hr kW	 -
(a) Helium Re^rfgeration
Radiation 18	 20 10.8	 '^
Electrical Leads 100	 113 1.80.0	 =]
5uppart Structure 4D	 45 24.0
Totals l58	 178
`9
214.8	 ?^
(b) Nitrogen Refrigeration
^i
Helium Refrigerator 7f 1	 30.3 6.1
Radiat3.on 7500	 298.5 60.0	 ''
Conductfan 325	 12.4 Z.b
Totals 8586	 341.7 f8.7
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superconducting magnets in payer generation systems will encourage
innovation in the heat e^:changer design and improvements in the
reliability.
Liquid helium refrigeration systems can be obtained w3.cn
specific power requirements (watts of electrical pourer required to
produce one watt refrigeration) as law as 300 W/W and helium
liquefaction systems with as lour as 400 W/W. These types of specific
ppWET3 are generally obtained only in very Large capacity devices.
Far a total system load of 160 [d, 600 W/td are required for liquefaction.
Liquid nitrogen refrigeration systems cast be obtained with
specific power requirements as low as 6.8 6,T/W. Far a 9 kW load specific
power of 8 W/W is required.
A cursory examination of the use of foam •insulation around
the periphery of the liquid nitrogen shield showed that the liquid
nitrogen requirements for the radiation shield would be one -sixth of
the requirements for the foam--insulated liquid nitrogen vacuum vessel.
Since the mast economical system for a magnet operating in a 	
+
+`
F	 k
power system is usually the one with the highest efficiency, the down
i	 t`
i Loss shielding system was selected; although if accessibi3 .ity is an
important requirement, the foam insulation wi31 not severely affect
the overall efficiency.
Illustrated in Table A 11.3.1 is a summary of the cooling
!	 requirements for the LM I^iD magnet.
^	 A 11.3.7 Summary of I^1a^rnet Cost Sasis
i	 '1'Ise cost of the magnet system including refrigerators far
LM-tiEiD magnets can be roughly estimated by multip3.ying the cost of
^	 the conductor by a factor of approximately four. Hence, the fallowing
parametric expression appl yes far a four-duct magnet system:
C 
a 
32 B F^ 3.06 Dl ^ D^ 
-h 2Ft'	 ,
.0 J	 2
a av
^^
_, ^
Ei
t
Table A 11.3.2 - Summary of the Liquid-Metal
MFiD Magnet Design
i
Nominal Rating
i	 Inlet Crass-sectiona3. Linea 	 2.2 m x 2.2 m
Each Crosa-sectional Area	 5.2 m x 2.2.m
Length of Duct	 22 m
Field on Axis of Duct	 1.37 T
Number of Ducts	 4
i
Average Ampere 'Turns Required 	 1.93 x l47
 At
Current per Turn	 5400 A
E	
Average Winding Current Density 	 2 x 10a A/m2
i	 Winding Peaking Factor	 4.7
Conductor Aspect 'Ratio	 2:l
Fraction of Superconductor in Conductor	 0.25
Inductance	 l45 h
Stored Energy	 183.7 MJ
Number of Turns	 5298
Conductor Operating Temperature	 4.2°K
Liquid Helium Refrigerator Thermal Load	 l58 W
Liquid Helium Refrigerator Electrical Load 2l5 kW
Liquid Nitrogen Refrigerator Thermal. Load $.b kW
Liquid I^itrogea Refrigerator
L^lectrical Load
	
b9 kW
Total Electrical Load	 284 kW
Total Estimated Cost
	
$15,400,QOQ
$1kuA
lJ.-152	 ^^^
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where	 C =cost o€ magnet system, $
B =magnet €ield, T
L = length of duct, m
^, o ^ 4 n x 10W^ H/m
_	 i
`^av 
^ average winding current density
D1 =inlet duct width, m
DZ =exit duct width, m
R' =insulation thickness, m.
Utilizing this information and the information presented
earlier, a summary of the results for the base case liquid^etal
design is illustrated in Table A 11.3.2. The unit cost is approximately
$115/kVA, and there are some economies with scaling to even larger
magnet systems implicit to the cost expxessinn presented.
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A 11.4.1 General Requirements
A power conditioning system is needed to convert the do
power £ram the output of the liquid-metal MHD generator to ac power.
the MH}] electrical power output for this specific case is l$00 Yfi+T,
of which 1000 M4T is .to be fed to the mains having a line--line voltage
of 500 kV; and the remaining 800 2^ will Be used to drive the
pumps and auxiliary equipment. The output voltage and current from
the MHD generator are:
s Voltage - 500 V
o Current - 3.6 MA•
A one-line diagram of the power conditioning system is shown in
Figure A 11.4.].. The do power from the T^4ID busses is fed into
144 solid-state six pulse inverter sets, each having a de input voltage
and current of 500 V and 25 kA. The output Pram each inverter set
is fad to one a£ the six primary windings of the inverter traas£armer.
It is proposed that 24 inverter transformers w311 be used. Each
transformer will have six 350 V - 17.6 kA, three-phase primary
windings; and a 34.5 kV, three-phase secondary winding. rourteen
of these inverter transformers will be connected to the primaries
of the 500 kV power transformers. A 34.5 kV 2500 MVA, three-phase
circuit breaker will be inserted between each inverter transformer
and the power transformer. Three 500 kV, 333 MVA, single-phase pourer	 i
transformers are used in a three--phase connection. Fowex from output	 `^
of the other yen inverter transformers wi11 be employed to run pumps
and other auxiliaries. 	 ^^.^
`^
^;
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AC Circuit Breaker
Inverter Set
b^ ft 5iackVd 2 High
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^- I3ft —ri ^H
	Inverter	 11 ft
Cooling System	
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I8^ 
^rner	 I5.Sft	 I3.A ft	 ^^33 it
for b Inverters
IS ft ^ 7 ft^5lf#
2Q ft ^g ft
^75 ft
FEg, A II.4 . 2--tayout of do to ac converter circuit component.
^wanty-four such circuits are arranq^! in paraliel with each other
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Bach inverter set produces a three-phase output voltage
with six current pulses. Since the inverter transformer has six
three--phase primary windings, each primary receives six current pulses
from the respective inverter. The inverters can be synchronized with
each other so that the inverter transformer receives a total of
36 pulses. By proper timing of these inverters, the harmonic content
of the output of the inverter transformer would be negligible. A
filter across the output of the do to ac converter system, therefore,
is not necessary. This would represent a cost reduction of
approximately $6/kW to the converter system.
A 11.4.2 Size and Weights of the DC to AC Converter Components_ and
Power Transformers
The dimensions and the weights of the inverter sets,
inverter transformer, ac circuit breaker, and power transformer are
given in Table A 11.4.1. The fatal weight of the syste^a is 7159.4 Pig
(7,890 tons}. The dimensions of the pad necessary to house these
components is approximately 36.57 by 304 . 8 aE {120 by 1000 ft}. Figure
A 11.4=2 shows a suggested layout of one of the 24,500 V do to 34.5 kV
ac converter circuits.
A 11.4.3 Cost of Dc to Ac Converter Components
'Tike cast of the components far the converter having an input
power of 1800 MI^! do and output power of 800 hNA at 34 . 5 kV ar^d
1000 MVA at 50p kV are given as follows:
r 12.5 MW inverter set at $30/tcW is
For 144 inverter sets is
r 83 MVA 350 V/34.5 kV inverter transformer is
For 24 inverter transformer is
r 34.5 kV, 2000 A, 2500 MVA circuit breaker is
For 24 circuit breakers is
® 34.5 kV/ 500 kV, 333 MVA potter. transformer is
For three power transformaz^s is
$	 375,000
54,000,000
470,000
1].,280 ,000
24,20D
ssl,oaD
832,000
2,497,000
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The total cost at FOB is $68 , 35$,000 which represents a cost of $37.9/kW.
These costs do not include delivery and installation.
Table A 11 . 4.1 -Size and Weights of DC and ,AC Power
Conditioning Components
Ttem Dimensions, in Weight, lb
Inverter Set (144) 120 x 1.51 x 75.6 40,600
Inverter Transformer (24) 219 x 180 x 190 180,800
ac Circuit Breaker (24) 3.31.7 x 61 . 0 x 160.4 9,fi20
Cooling System for 6
Inverters (24) 14fi x 240 x 240 240,000
Paver Transformer (3) 465 x 260 x 210 445,000
Total Weight 15,783,500
Ir
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Appendix A 11.5
LIQUID-I^TAL SXSTEM AND 3UBSY'S`^EMS
N
A 13..5 .1 General Requirements
'
	
	
The liquid--metal system and subsystems consist of the following
mayor items:
• Liquid-metal gump
• Liquid-metal piping
m Liquid metal purification
® Liquid-metal dump systems.
Much of the liquid-metal (sodium) technology that exists today	 '
has been developed in con3unction with the liquid--meta3. fast breeder re-
actor (LMFBR). Current sodium technology is reflected in both the fast
flux test facility (FFTF) and Clinch River Breeder geactor Program
(CRBgp} demonstration plant. Table A 11.5.1 summarizes the key design
parameters.
A 11.5.? Liciuid-Metal Mechanical Pumas
The basis for determining the M^lb liquid metal pump cost was
current state-of-the- -art design practice for the breeder reactor programs.
The sodium pumps presently being considered far the CIZBRP are on the
order of 1.$927 m3 /s (30,000 gpm) each and based on single -stage, lo^r-
head [1.063 MPa (450 ft) sodium] hydraulic design. Figure A 11.5.1 shows
a schematic diagram of one such pump design. Costs for this type of
sodium pump are estimated at $3.4 million per pump.
The liquid-metal pump for the MHD system under study requires
pumps to handle flows in the range of 3.5.77 to 31.545 m 3/s (250,ROU to
11-159
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Table A 11.5.1 - Construction Seismic Class ].
Li uid-Metal S stem	 FFTF	 Clinch River
LPi p^stap	 Mechanical, single-stage 	 Mechanical, single-stage
15,000 gpm, 450 ft Na	 30,000 gpm, 450 ft Na
Pumping and Valves	 Piping and valuing	 Piping and valuing
2$-36 in diameter	 36-50 in diameter
T = 1200°F	 T = 1200°F
v = 20-40 ft/s	 v = 20-40 ft/s
p ^ 200 psi	 p d 200 psi
Purification (IVa)	 2 ppm 02 level	 2 ppm 02 level
cold trap	 cold trap
02 , H2 monitoring	 02, Hz monitoring
O.l% of total
volume per day;
cover gas leak
rate (max}
Safety-Emergency	 Sodium-dump - gravity 	 Sodium dump
smoke and sodium
vapor leak detectors

1Ij
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50Q,000 gpm) at high system heads [5.472 NfPa (54 atm) j. A preliminary
design of a sodium pump to meet these requirements was prepared by
the Westinghouse Cheswick Large Primp Division. The design was
based on currant sodium pump technology as embodied in the CRBRP design
shown previously in Figure A 11.5.1. The basic and essential hydraulic
features of the I .M-MHD sodium pump design ax•e summarized in Table A 11.5.2.
The cost for this pump was developed on the basis of material
requirements. This cost, however, was subsequently judged to be
excessive, and substantial reduction in the material usage could be
achieved (particularly with the casing). Such a design offort,
however, was beyond the scope of work intended for this study program.
Ft was ultimately concluded that a reasonable pump cost
estimate could be made because of the similarity of the hydraulic
designs. Thus, it was decided to extrapolate the Clinch River pump
costs to the present ^1 ^ case based on the numt5er of stages and
flaw capacity. Tt is anticipated that the costs for higher LM-I^3HD
pressure design conditions are somewhat offset by the costs for the
Clinch River pump ' s nuclear code construction requirements.
The large liquid-metal flows and high-pressure headP require
^	 enormous pump power requirements 1020 MW shaft (1.37 x 10 5 hp). For the
i
four-loop system, the specific drive requirements are 25.5 MW shaft
(34,250 hp} per pump. With such large power requirements, direct coupling
with a steam turbine drive Pram the steam plant should be considered.
Two of the pumps could be driven in this manner. The remaining two pumps
1
require motor drives.
Far Point 11, the liquid-metal mechanical pumps are replaced
with EM pampa. A preliminary design of an EM pump was prepared in order
t to determine size and cast of the system. Table A 11.5.3 summarizes the
pump design data. Costing of this pump was 'based on weight at 517,b/kg
($S/lb).
kY
r
f
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Table A 11.5.2 - Summary of Basis for Design
of LM-I^kID Sodium Pump
DESIGN BASIS
flow	 - 250,000 gpm
Temperature	 - 1200°F
Required Head	 - 232.0 ft Na
Sys. Operating hemp.- 1200°k'
Thermal Trans:4ents - Naue
PUtiP DESIGN EEATUI2LS
No. of Stages
Head/Stage
Speed
Hydraulic Eff.
BHP
Impeller Dia.
Ieiffuser Dia.
Cross-over id
Casing id
Impeller Eve
Shaft Dia.
Tank Wall
- 5
- 465 ^t
- 500 rpm
$5X
- 16,000 hp
- $0 in
- 120 in
- 15$ in
--	 195 in
- 53 in (auctian end)
- 26 in
- 1Z in
11-163
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Table A 11.5.3
5C Electric Machinery Systems High Field do Conduction Pump
Approximate Data - 4 units as follows:
Flow	 -- 250,000 gpm, 1200°F, 2300 ft head
Weight	 -- 380,000 Ib/unit
Size	 - MHI7 channel to pump:
Transition section - 10 ft long
Pump inlet	 - b ft long by 30 ft od
Pump	 - 9 ft long by 30 ft^ad
Pump exit	 - 6 ft Long by 30 ft ad
Pump efficiency - 905
Paver input	 - 95.303 per unit, 1.323b MA at 72 volt
A 11.5.3 Piping and Valves
Fiping far the liquid--metal flows would be mostly designed and
coated in a manner similar to *_hat of the MHD ducts, in other words, uti-
lising steel plates and rib sugports. Circular piping might be required
at the manifolding to the primary heat exchanger and perhaps at the pump
connections. The design for the piping system sizing is based on
6.094 m/s (20 to 40 ft /s) velocity, compatible with present breeder reac-
for technology. Design of the piping system would need to include provi-
sion for thermal expansion, either by use of expansion loops or by
designing equipment interfaces with slip -joint connections. The piping
system would be constructed from 316 55 and designed for 946.08 Ms (30 yr)
life. At the large piping size requirements, valuing of the main liquid-
metal flow is not anticipated.
The algorithm derived far costing and sizing the liquid--metal
ducting was previously given in Table 11.4.
a
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The gas stream piping was divided into hot and cold legs. The	 i
^	 respective length of each leg was estimated from the preliminary plans
and elevation equipment arrangement sketches of the plants. Values far
!	 the length of hat and cold leg piping were approximated at 30.48 and	 `'
38.1 m (100 and 125 ft), respectively. The algorithms for sizing and
costing the gas piping were given in Table 11 . 4. The calculations were
made assuming a 30.48 m /s (100 ft/s) gas velocity. The equation is de-
rived from:	 ^
a Mass continuity for the gas
® Equation for weight of circular pipe
i
® Stress equation for circular pipes.
These equations were combined to eliminate pipe diameter and thicltness
from the final expression. The cast coefficient in the weight equation
was based on current design estimates for CRBttP large seamless stainless
steel pipe.
`•	 A 3.1.5.4 Liquid-Meta1 Purification Subsys tem
The liquid-metal purification system is required to maintain 	
z	
'^
'^
'	 the concentration of certain contaminants at or below specified values.	 ^^,^
One of the most important of these contaminants is oxygen. High oxygen
levels coupled with high temperatures can lead to severe corrosion of	 ':^
metal containment pipes and ducting. The corrosion of heat exchange
tubes leads to reduced performance and ultimately the passibility of tube 	 '	 ^^
1
failure. Section 3.8 discusses specific materials requirements for 	 :d
^', .3
sodium and lithium MHD systems.	 ':^
With the liquid-metal. (sodium) MIiA system under study, the re-	 .,
quired sodium purity level (and hence, purification system requirements) 	 :^	 ;^
may not be as stringent as those encountered in the breeder reactor de- 	 '
:l
signs. This observation is based on two factors: (1) liquid- -metal tam--
	 ^'.
perature gradients in the MHD system are not severe (minimize mass	 _^'
transfer effects), and (2) high-pressure construction (thick walls] could	 ;^
^:	 relax corrosion allowances. Fouling of heat exchanger surfaces, however,
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compatibility of the liquid metal with the MHD duct materials, and plug-
ging of flow passages with crud must still be considered in specifying
purity requirements.
The liquid-metal M!-ID system cold trapping will require reducing
sodium temperatures from above 422 to 34G^°K (1200 to 250°T). A schematic
of the cold Crap system and components i.s shown in figure A 17. . 5.2, The
system consists of a pump, flawmeter, regenerator, heat sink, cold trap
tank, and associated instrumentation. The instrumentation would function
to monitor the performance and effectiveness of the cold trap system to
remove sodium impurities, and should include oxygen and hydrogen meters
both before and after the cold trap and a Ap gage across the cold trap to
monitor the pressure drag associated with impurity build--up in the cold
trap mesh.
The design {and subsequent costing) of the Ltd ^^ID purification
system has bean based an the following assumptions:
• The diffusion of oxygen and hydrogen through piping
and duct walls is negligible.
s 'The oxygen, hydrogen, carbon dioxide, and water vapor
concentrations in the sodium will occur via gettering
from the argon gas.
• Argon purity as received (prepurified grade) will be:
4 to 5 ppm (by volume) 02
1 ppm
	 CO2
5 ppm	 H2
7 PPm	H2
< l ppm	 total hydrocarbons
5 ppm	 H2a
• Argon makeup requirements will be based on a leak
rata per day of O.ly of fatal volume.
*Private communication with representative from t•Satheson Gas Products.
Ny = 2 1 - M-i- l^ {A 11.5.2)
S =:
iit
^	 `` tl
.4
An equation that relates the required Purification flow rate to the
purification requirements is given as:
y	 Z 1 -»	 N	 (A 11.5.1)
p^ (s) tom)
where	 y ^ required liquid-metal purification flora, gpm
N =allowed oxygen concentration on the liquid metal,
PPm
p =density, g a gas, Q =liquid
s ^ argon leak rate
c =concentration of oxygen in the argon gas makeup,
PPm
Mtt = mass flow rate ratio in MHD loop, i.e., liquid-
metal gas
Z ^ total MiiD liquid-metal flow, gpm.
Far the specific conditions of sodium/argon with 4.1.6 leak rate under
base case conditions, t:^e equation reduces to:
The cost model far the purification system was taken as:
C, $ ^ 8572 {y)^'6
where G is the cost of the purification system in dollars and y the re-
quired capacity from Equation A I1.S.1. The constant 8572 and exponent
0.6 were determined on the basis of two cost estimates obtained from MSA
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Research Corporation, supglier of liquid^ ►netal oxide control systems.
One of the cost quotations was based on a state-of-the-art 60 gpm flow
rate, and the second was an estimate for an advanced state -af--the-axt,
500 gpm purification system.
A 11.5.5 Liquid--Metal Inventory and Emergency hump
The LM-MHb dump system was sized and costed on the basis of a
i
very similar system now being designed for the C1tBRt'. This system con-
sists of tanks, dump heat exchar gars, valves, pipin;, pumps, and appro-
i priate heat tracing. The tanks are lined carbon steel with capacities
ranging up to 189.3 m3 (50,000 gal). Drain lines range up to 45.72 cm
(l8 in) diameter. Casts for this system for CRBRP are expected to be
about $4 million for 302.$ m 3 (50,000 gad.) capacity. This does not in-
clude sodium inventory costs. A temperature capability of up to 700°K
f (800°F) is maintained for each tank to prevent metal solidification.
The costing far the liquid-metal dump system for the LM-MEIb
plant was based on the above described system using a 4.7 power scaling
law. The required liquid-metal capacity was determiined from piping and
component volume calculations.
Sodium inventory costs were determined on the basis of the re-
quired capacity and costed at $3.01/kg ($1.37/lb}. Present production
capacity is limited; this price, therefore, includes the cast of storing
and handling the large quantities of sodium required for the LM-MHD
system and is thus higher than that usually charged far small quantities
j
	
	 [< 454 kg (< 1000 lb)J. If production capacity increases, the cost of
sodium can be expected to decrease, but in any case the impact of a
lower price an total plant casts would be insignificant.
^	 Figure A 11 . 9 illustrates the relative positioning of the dump
,'	 tanks with respect to the tdHA duct assembly.
Appendix A 7.1..6
COUPLING HEAT EXCHANGERS
A 11.6.1 General Methodoly far Cou lin Heat Exchan ers
When the Li^i--1+1kID coupling heat exchangers were designed, the
general theoretical methodology followed that previously described in
Appendices A 9.2 and A 9.3 of the open--cycle MHD stu:ly. The general cor-
relations and equations for calculating the various heat transfer coeffi-
cients are summarized there. In adapting this analysis to the present
study, soma simplification and alternative approaches were made. These
are summarized here, along with the final results, Simplified size and
cost algorithms were developed for the following heat exchanger systems:
4 Primary (fired) coupling heat exchanger
a 1+S1iD-steam plant r_oupling heat exchanger
• Air-gas preheaters (or precoalers}
a Gas recuperators.
A 11.6.2 Primary Heat Exchanger Design Basis
In order to determine a realistic costing for the primary heat
exchanger for the closed-cycle LM-MEiD cycles, a series of heat exchanger
calculations was performed for sodium-, argon-, and steam-cooled heat
transfer surfaces. In general, the design practice of state-of-the--art
'	 cyclone-furnace-fired, water--cooled boilers c^as used for guidance on tube
geometry, overall dimensions, and materials of construction.
No attempt was made in any of the calculations to optimize the
designs or to produce parametric design data. Rather, the calculations
^	 were used to provide rough engineering estimates of the cost of these
types of heat exchangers.
^;
s-
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For the radiatinn sectian, sodium- and/or steam-cooled tubes
were selected. For the 22.9 to 30.5 m (75 to 100 ft) high chambers,
5.08 cm (2 in) id tubes were selected for the calculations. Haynes alloy
Na 1$8 was chosen for these tubes because of Sts high--temperature creep
strength. Also, these tubes were assumed to be clad (flue-gas side)
either with one of the s^ainlesa steels or with some other oxidation-
resistant coating. The usual wall thickness required far both strength
and corrnsian was 0.635 em (0.25 in). For radiation exchange calcula-
tions, the b.35 cm (2.5 in) od tubes were spaced on 12.7 cm (5 in)
centers and located in a plane 13.97 cm (5.5 in} inside the refractory
walls.
Once the hot products of. combust^Lon were cooled from the maxi-
mum flame temperature of around 244 °K (3940°F) in this radiation sec-
tion, a s4to^d argon-cooled tube bundle was employed to further reduce
the temperature of the combustion gases (while warming the argon to its
final temperature). Once again, in this section of the heat exchanger
the suleralloy Haynes alloy No 188 was selected because of its high-
temperature creep strength.
This second radiation-ranvection section of the exchanger wary
generally the most expensive section (an a ^/Btu/hr of heat transferred
basis) because the argon-cooling heat exchange coefficients were always
5 to 30 times lower than those for ::teats ur sodium F respectively. Also,
the tube external heat transfer coefficient in this section is about 4
times lower than in the radiation sectian. Final2.y, the tube wall i:en:-
peratures are high enough here to require a sa^bstantial tube atall con-
structed from d high-cost superalloy.
The final section of the exchanger was designed to cool the
flue gases to the desired 644 °iC (i00°F) exit temperature. In this con-
vection sectian, finned tubes were spec ifi^d in the tube bundles to en-
hance the external heat transfer and to reduce the number and lengtts of
the tubes.
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Tables A 11.6.1 and A 11.6.2 summarize the most significant
physical characteristics and heat transfer parameters of the design for
the base case and for parametric Point 8.
In order to scale the cost and size of the primary heat ex-
changer for tha various parametric cases, a simplified analytical model
was developed for estimating heat transfer surface areas and related
parameters. The analytical. model and calculation procedures were based
an the concept of the Numbex of Heat Transfer Units (NTU), a term intro-
duced by London and Kays (Reference 11.10). The physical model. of the
L^rimary heat exchanger was simplifie2 from the real case to consider only
a radiation section followed by a straight convection section as depicted
in Figure A 11.6.1.
ilVa1	
t.iquld
Metal f Ala fi Gas MHw ^^iert Gas
{ ,Rrgo n }
Combustwn
flue Gas —►
Raa^
D^ ^^^
' dTtg , Rad. ^^
Radiation Section
ATy, CO n cads,
D^ ^a^:
^^tg , Conv._
Connection Section
i= ig. ^ 11.6. 1 —p rimary heat exchanger models
The heat capacitance (m C ) of the liquid metal was large when
P
compared to that of the combustion gases, and its thermal 'resistance
negligible. The required primary heat exchanger heat :.ransTex surface
areas were determined fromz
^	 ^	 ^
^	 ^	 t
	
'	 i
ti^
where C = (
m ^p ) argan (pTg/4Tfg}cony' U is the overall convective heat
transfer coefficient (see Section 9, Appendix A 9.2}, and:
AT 	 ^ (r^T^)^ c f (hl )	 (A 11,6.2}
few	 g ^An
where Cfg is the specific heat of the combustion gas and h^ (see Sec-
tion 9, Appendix A 9.2} is the radiation heat transfer coefficient.
For the various parametric cases, then, the required to tai heat
exchanger tubing length, L t , was scaled from the appropriate case previ-
ously summarized in either Table A 11.6.1 or A 11.6.2 ( law-- or high--
system temperature, respectively) according to their heat transfer
surface area ratio (this assumes the same tube geometry).
The characteristic dimensions of the heat exchanger (diameter
and length) were determined on the basis of the required gas and combus-
tion products flaw areas, required heat transfer surface area, and speci-
€led pressure drop. The equations far the characteristic diameter and
length were previously listed in Table 11.5 of the text. The express inn
far diameter was developed on the basis of total flow cross- -sectional
_ n 2
area (Aflue gas^^ Ainert gas 4 d ) and the known mass ratios between
the two flaws (mflue goo /minert gas - O.190). For this calculation, the
	
^	 mass ratio was assumed to he constant for all cases. The numerical con-
scant 28 appearing in Table 11 . 5 represents four times the mass ratio
times the ratio of the product of velocity and density of the inert gas
and combustion gas, respectively. This relation is derived €rom con-
tinuity considerations. It was further assumed that the flue ga y; velo-
city was approximately twice the inert gas velocity. Typical €lue gas
	
^	 velocities ranged, therefore, from 15.24 to 30.48 m /s (50 to 100 ft/s}.
	
y	 Th.: as flow cross-sectional area, Ac , was calculated from the
	
!)	 pressure drop a;^d mass continuity considerations. The equation is:
F
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Tahle A 11.6.1	 Summary of Primary Heat Exchanger Design,
Base Case
Item Specifications
1 Combustor flue gas 8 . 69 x 106 lb/hr
2 Total heat load 8.5 x I09 Btu/hr
3 Liquid sodium flow 4.38 x 108 lb/hr
4 Sodium temperature rise 1181.4 - 1200°F (QT a 18.6°F)
5 Argon flaw 4.27 x 10 7 Ib/hr
6 Argon
	
pressure 1250 psi
7 Argon temperature rise 560	 - 12C0°F (6T = 640°F)
$ Frimary steam flow 5.124 x 106 lb/hr aC 3500 psi
9 Primary steam temperature rise $00 - 1000°F ( pT ^ 200 °F)
10 Reheat steam flow 5.124 x 1 (36 Ib /hr at 600 psi
11 Reheat steam temperature rise 550 - 1000 °T (aT ^ 450°F)
Design Data - Radiation Section (steam coaled)
Physical
1. Tube id	 0.9 in
2. Tube wall thicitness	 0.285 in
3. Tube material	 Haynes Alloy No. 188 - clad with
oxidation resistant material
4. Tubing required	 34,355 ft
Thermal
1. Radiation heat transfer
coefficient
2. Steam eidp heat transfer
coefficient
3. LMTD
4. Heat ?oad
50 Btu/hr-ft^ °F
SSO Btu/ham ft2-°F
1929° F
1,123 x 1.0 6 Btu/hi•
11-174
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Table A 11.5.1 Continued
Item	 Specifications
Design Data -- Radiation Section {sodiuta cooled)
Physical
1. 'tube id 2.D in
2. Tube wall thickness 0.25 in
3 Tube material Haynes Alloy No. l88 -- clad
with oxidation resistant coating
or metal
4. Tubing required	 34,812 ft
Therms].
1. Radiation heat transfer 	 55 Btu/hr-ft 2 -°F
coefficient
2. L,^ITn	 197a °^
3. Heat load	 2.54 x lO g Btu/hr
Design Data - Radiation/Convection Section (argon cooled)
Physical
1. Tube id	 2.0 in
2. Tube wall thicknes3 	 0.25 in
3. Tube material	 304 S5
4. Tubing required	 89,595 fC
Therms].
1. Heat transfer coefficient	 l5 Btu/hr-ft2-°F
- external
2. Heat transfer coefficient	 100 Btu/hr-ft2-°k'
- internal
3. I,i^2TD	 1345 ° F
4. Heat load	 1.085 x z'J^ Btu/hr
^	 ^	 ^	 ^
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Table A 11.6.1 Continued
Item Specifications
Design Data - Convection Section (argon cooled)
Physical
1. Tube id i.$ in
2, Tube wall th^.ckness 0.1 in
3. Tube fin height i.0 ir.
4. Fin thickness D.03D in
5, Fin width 0.156 in
b. Tube material SS
7. Tubing required 1,73,DD0 ft
Thermal
1, Heat transfer coefficient
- external
2, Fin efficiency
3. Heat transfer coefficient
- internal
# . LAfI'D
5. Heat load
b Btu/hr-ft2--°F
65%
1D4 Btu/hr-ftz--°F
524°F
2.41 x 10 9 BtuJhr
Design !]ata - Ccnvection Section (water cooled}
Physical
1. Same as argon convection
system
2. Tubing required 	 152,000 ft
Thermal
i. Same as argon section
(flue gas side)
2. Heat load	 1.34 x 109 Btu/hr
s	 ^
^	 ^	 1	 ^
^	
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Table A 21. . 6.2	 Summary of Primary HeaC Exchanger Design for
Parametric Poinc $
Item
	
SpE^ifications
1	 Combustion Produ.: ,ts flow	 $.b4 x 106 ib/hr
2	 Total. he4t load 	 6 . 5 x 104 Stu/hr
3	 Liquid sodium flaw	 6.307 x 108 lb /hr
4	 Sodium L•emperature rise	 181 . 3	 -- 1500 ° F (DT ^ 18.7°^')
5	 Argan flow	 4.86 x 10 7 lb/hr
6	 Argon pressure	 1200 psi
7	 Argon temperature rise	 bbD - 1500 °F (DT = $40°F)
Design Data - Radiation Section
Physical
1. Tube id
2. Tube wall thickness
3. Tube material
4. Tubing required
2.0 in
0.25 in
5uperalloy iiaynes No. l88 -
with oxidatio., resistant cladding
7b,500 ft
Thermal
1. Heat transfer coefficient 	 51 Btu/hr-ft2-°F
2. LMTD	 3.347°F
3. Heat load	 5.0 x l0 7 f3tu/hr
Design Data - Radiation-Convection Section
S
Physical
1. Tube id	 1 . 5 in	 '^^
,: ^
2. Tube wa11 thickness	 0.25 in
3. Tube material	 Haynes Alloy No. l$8	 `^
^^
4. Tubing Required	 652,000 ft
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Table A 13..6.2 Continued
3:tem
	
Specifications
Design Data - Radiation-Convectian Section - Continued
The rma.l
1. Heat transfer coefficient	 I2 Btu/hr- ft2-°F
- external
2. Heat transfer coefficient	 3.12 Btu/hr-ft`-°F
- internal
3. LMTD	 809°F
4. Heat ?oad	 2 . 9 x 10^ Btulhr
Design Data - Convection Section
Physical
1. Finned tubes (same as
base case)
2. Tubing required	 641,000 ft
Thermal
1. Heat transfer caeffic3,ent 	 6.D Btu/hr-ft-°F
- external
2. Fin efficiency	 65.6
3. I,MTD	 3.90° F
4. Heat I.aad	 2.05 x lOg Btu/hr	 •
'-
`	 ► 	 ^
	
^	 ^	 f	 ^
i
	
..:
	
.
^.1
2	 1/3
	
Ac = f m^ RTz A
s
	(A 11, 6.3)
_P
	
2gc 
p 
p	 _
where
	
f =fanning ffaction factor
m =mass flaw rate of the gas
'	 R -gas constant
T -temperature
'	 ^p = pressure difference
p ^ pressure
A ^ heat transfer surface areas
The characteristic length of the primary heat exchanger was
determined from the lcnown geometry of the tube (specified) and the
previously calculated heat transfer surface and cross-sectional flow
areas.
The cost the primary heat exchanger was calculated on the basis
of the quantity of tube material, assuming the average tube weight was
taken at 43 . 40 kglm (6 lb/ft). Thia value is approximately 30^ higher
than the calculated weight of a finned tube of the geometry described in	 ,
Tables A 11.6.]. and A 11.6.2, and approximately equal to the weight of the
thick-walled tubing used in the radiation and radiation -convection
sections of the primary heat exchanger design. The finned-tube portion o€
the heat exchanger represents about 70^ of the total tube required. The	 s'
weight factor used, therefore, was actually about 20X higher and was
assumed to account for various stru^:s and supports. They cost coefficf.ent,
C l3 waa taken as $20 . 06/kg ($4.10/lb) for the low-temperature case [922°K
(1200°^')] and was derived on a weight averaged basis, from the fol^.oaing
crireria:
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• Radiation section - I/10 of total weight at $ 30.$5/kg ($l4/lb}
{Haynes cladded SS)
• Radiation convection - 115 of total weight at $30.86/kg ($14/lb)
(Haynes cladded SS)
• Convection section - 7 /10 of total weight at $12.$5/kg {$5.83/lb}
(316 SS)
• 'Tube fabrication cost --	 $10/tube (10^ of material cost)
The cost coefficients are used in Table 11.5.
For the high-temperature case, 1089°iC (1500°F), the coefficient,
C13 , was $26 . 68/kg ($12.10/1b), based on higher temperature materials in
the final portion of the convection section. Approximately half of this
section was assumed to require Haynes 25 tubing.
A 11.6.3 i^iI]-Steam Plant Coupling Heat Exchanger
Within the MHD system configuration, a heat exchanger is
interposed between the MHD cycle and the steam bottoming plant wherein
the waste heat of the r4iD inert gas (argon) prior to compression is
utiiixed to drive the steam turbine bottom^ .ng plant. The following
sets of equations were derived to model the heat transfer and physical
characteristics of this coupling heat exchanger far each parametric
paint.
It is assumed that the argon gas passes through the staggered
tube array in crossflaw. The heat transfer correlation appropriate to
this situatiar. is:
	
k	 {max) (P) {da ) 
^ 0.6	
0.33
	h = 0.33 d
	
^	
p	
Pr	 (A 11.6.4)
	
o	 }
This can mast conveniently be expressed in the fallowing farm:
h, Btu /hr-ft2-°P = (^1)( max0
. fi)(do-0
.4) 	 (A 1.1.6.5)
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5o that Vex might be expressed in ft/s units and d o in inches, cpi
must ^:ave the €ollawing form:
_ {0.33)(120.4)(k)(p0.6){pr0.33)(^6000.6) 	 in0.^s s 0.6 Btu
^1 _
	
u0.6	 hr-ft2.4 °F
(A 11.6.b}
Values of thermal conductivity (k, Stu/hr-€t-°F), density (p, lb /€t3)
and viscosity {p, Lb /ft-hr} are evaluated at the arithmetic mean gas
temperature.
1'he pressure drop per row for flaw over a staggered array a€
tubes is represented by the following equation:
^_ T 4f p Vmax2
	
draw
	
zg l44	
(A 11.6.7)
where
	
^ =
	
0.507	 (A ll.s.$)
o.ls
^Vmax p 
do^U
Equation A 3.1.6.7 can, there€ore, be conveniently expressed as fallaws:
N_^F _ ^2 (V^x1.85 da-0.15 )
	 in psi/raw	 (A 11.6.4)
row
and so that Vmax might he expressed in ft/s and do in inches
(2}(0.507){12 0.15 )	 0.85 0.15	 lb s 1.85
^'2	 0.15
	
€s	
^'	 1.85	 1.$5	 (A 11.5.10)
	(144)(3600	 )(32.2)	 in	 Pr
For the liquid--taetal ^IHi] eases, ^2 tatces on the value 0.507, and the units
are as shown in Equation A 11.6.10.
ll^lsl
f':
i
j^.
^'
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r ...^^,..:::Fi^
2 _	 4
As ^ ft	
(SSG) (^D ) (h)
(A 11.6.11)
!I	 ii'
The required surface area for heat transfer per steam generator
is given by Equation A 11..6.11:
^^
Substituting Equation A 11.6.5 faz h in Equation A 11.6.11., we obtain
Equation A 11.6.12.
2	
()(Amax 0.6)(do0.4)
As' ft	 (NSG){MTD) ^1 {A 11.6.12)
Equations A 11.6.'•.3 and A 11.6.16, which follow, are fundamentally different
ways of exgressing the minimum area of flaw per steam generator:
7
_	 7r B'' Ft - o
Afmin _ ^ ^	 gt
(A 13..6.13}
Zn Equation A 11.6.13, n is a factor which exgresses the fraction of the
available area within the shell diameter (D) which is utilized for the
tube banks. The tube pitch (P) is in inches, as is do.
For a situation where the tuba banks are housed in a refractory
metal duct of square cross section, which itself is housed within a
cylindrical pressure containment shed, n has a maximum value of 2/^r.
where
Consequently, Equation A 11.6 . 13 care be restated as follows:
P -- d
Af
	, ft2 = ^3 ^2
	 tp	o	 (A 11 . 6.10:)
mzn	 t
¢ 3
 = (^) (,2—^ ) = Q.S	 (A 11.6. IS)
The alternative way to express the minimum flow area is in terms
of the mass flow rate of the gas, m g , and maximum velocity.
`:
i	 '` .^
1	 ;^
11--182	 !.pp^
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m
Afmin^ ft Y fNSG)(Vm^ ^P) (3504)
'_
3:n Equation A ].1.6.16, mg is the total I^ID duct gas mass flow
rate in lb/hr; hence, the need for SSG in the denominator to put the flaw
an a per moduler basis. The 3600 in the 3enominatar is required because
Vex is ir. units of ft/s.
Together, Equations A 11..6.14 and A 13..6. 16 provide a means of
expressing the inside shell diameter in terms of fundamental flow parameters.
P -- d	 m
^3 D2	
tPt o - 
(i^iSG) ( ^} (P) {3600)	 (A 11.6.17)
Letting
`^[. = ( ^ 3) (3600 p) ts• 31b }	 (A 11.6.18)
ft hr
Equation A 11.G.17 can be canvea^iently rearranged as follows:
3't	
0.5
	
-0.5
I) ^ ^4 Pt - do	 xSG max	
(A 11.6.19)
There exists yet anther expression for the flow area, which is
fundamentally different from Chase presented heretofore and which when
equated with Equation A 11,6.76 wi]?, yield an equation for the length of
tube per tube row {L}. This equat- .an is:
L (P - d )
Af , ft2 -- — l2
	
°	 (A ].1.6.20}
Equation A 3.1.6,20 is equivalent to saying that for every foot
of tube length, L, tk.ere is a gap bet^;aen, tubes through which. gas may flaw,
which is of width (P t - do)/12 ft.
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Equating A 11.6.20 w3,th A 11.6.16 we obtain:
m
L -
	
	
g -
	 --	 (A 11.6.21)
{P -^ do) ^5 N3G ^max0.5
where
	
^5	
(^s) (3600} ^ ^.b _2s	 (A 11..6.22)
12	 l r ft in
1n order to formulate an equation for the number of tube rows
required we evolve a second equatzon for the heat transfer surface area.
d
As = {r}{l2)(L){Nrow)
	
(A 11.6.23)
This is er^, ,ated with a previous equation €or As , namely;
Equation A 11. b . ;.2 . Hence
(NSG){1^TD) (^1)0	 ^ {^} {
iz}(^)(Nrow}
	
(A 11.6.2G)
Nnw substituting Equation A 11.6.21 for L in Equation A 11.6.24
and expressl .ng for Nraw we obtain:
12 {^5) Q (fit - do )	 0 4	
-0.6N	 (V	 }{d	 )	 (A 11.5.25)row	 n ^1	 {MTn) (mg}	 snax	 o
nrow - ^6
	
	 (max )(do	 )	 {A 11.6.26)(MTD)(mg)
In Equation A 11..6.26:
_ 12 ^5
	 lb s0.4 of
^6 _ r $1 in0.4 €t0.4 Btu ^A 11,.6.27)
Frain Equations A 21.,.6.27 and A 11.6.5 we can obtain an equation
for the overall pressure drop.
Op 
r ^	 ^ {Pt^do _ 1) Cq 	 2.25} Cd ;1.25)	 CA 11.b.28)7	 (^)Cmg)
	
max	 o
In Equation A 11.6.2$:
_	 lb2 
s2.2S 
°F
`^7 - `^2 - ^6	 Btu in2.25 ft2.25
{A 11.6 .2x)
When the tubes are in an equilateral staggered array, the
height of the tube bank is given by:
_	 P
H ^ Nrows 12 cos 30° ^ Nrow (D• iz7) Pt	 {A 13..6.30)
5ubstatuting far Nraw by Equation A 11..6.26 we obtain:
^ 0 3.267 ^b Pt 
{Ft
/da ^ •1} 
R ^m^0.4 d
o
0.4	 {A 11.6.31)
(rrrn) {mg)
Pt (P/d4
 - 1)CQ)	 0 ^
	
0.4
H = ^	 (V	 ){d
	
)	 (A 11.6.32}8 ao	 CAD} Cmg)	 max	 o
phis value of ii does not include any allowance for spacing
between khe various tube bank sections nor does it account far the height
of the vessel heads. For siring purposes, vessel heads were assumed to
be hemispherical.
the analysis assumes the steam and watex side heat transfer
-	 coefficients are large compared L-o those of the argon gas side, thereby
neglecting steam-s1.de thermal res^.stance. Furthermore, in the calculation
scheme, the log mean temperature difference, MTD, was approximated by the 	 o	 '
1	 i
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generator was based on the Calculated weight of both tube and shell, as
indicated by the equations in Table 11.5. C14 and C15 are the appropriate
cost coefficients for shell and tube,respecCively, C14 was taken , at
$1..46/kg ($0.67/1b} and includes a factor far insulation. C15 depends
on tube material and specific case and includes fabrication, which was
taken at $10/tube. The tube material costs, material type, and
application to particular study points are summarized in Table 11.7.
A 11.6.4 Air Gas Preheaters and Recuperators
In cases where recuperator heat exchanger systems were utilized,
the model £or sizing was based an heat exchanger effectiveness, a concept
widely applied in recuperative heat exchanger design. The equation
expressing the required heat transfer surface area is:
	
As, ft2 ^ 815 [(1Ee}3/z £ Pr ] 	RCS	 (A 11.6.33}
P	 Sc p}
where e = effectiveness
ra = mass flow rate, lb/s
Pr = gas Prandtl number
f ^ function fac^or
p - absolute pressure, ps$
ft--lbf
r ^ the gas constant,	 o
	
l.bm^ R	 -
T = average temperature~ °R.
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The expressions for calculating the characteristic size,
weight, and cost for both theracuperators and air-gas preheaters were
derived in a manner similar tv that previously described in Section
A 11.6.2. As before, tulle geometry is fixed. For simplicity, 2.54 cm
(1 in) od tubing was assumed. The derived size and cost algorithms are
summarized in Tabrte Il. 	 The cost algorithm shows twv terms. The first
term, Cp aecouats for tube material costs, and the second term, GxC,
accounts for f^6ricatian costs taken at $lOjtube.
.':. f
',.:f
=:.^
^.a
;, ^
^-::^^
;. ^
a
_	 ^;.:;
'-
;^
^:
,^
^^	 ^	 .^
^^
i^
il.
;r
#^	
_ -.
}
^j
;^
ar
j
i1
1
1
^4
^!
^^
_..
i
ttt
1
7
^. ^,
^^
gip€
ji
f
Appendix A 11.7
S.TEtT1CTi1itAZ, REQLiIR^^fEI^TS — MH1] CON^OI^NTS
li^.gh system pressure, high temperatures,. Long operating life,.
and the large ri4iD corzpar.2nt sizes xesult in structural requirements
that must be properly addressed to assure a.vi.aa '1e, econom3.ca1., and
consistent design. Ta meet these stringent design . requirements, a
basic ribbed support structure has been assumed, F;gore A 11.7.1.	 ^
The design approach far the pressure structure ^ras^to calculate	 i
a section modulus to accommodate the specific ^^perating pressure and
design stress conditions. The secta.on modulus for the rib geometry used
is apprax3 .mated by (Neglecting some second—order terms):	 ^
I/c ^ 4 bht/3	 A 11.7.1	 {
where b is the spacing between ribs, t is the thickness of the plates
and h is the spacing between, plates (length of the rib).
For a beam with uniform load, p, on simple supports:
	
I/c ^ pbR2/8 6d	A 11.7.2
6 is desi stress and !^ the t=nsu orfied len th of the sect^.on. Assum--d	 ^	 PP	 g
ing the web thickness is ^.6 t and h is 2 b {based nn standard I—beam
designs), the we^.ght of the sectioN per unit pressure surLace area is 	 ^d
g3.veri bg equation A x:7..7.3:
^^^
^^	
^	
1:
.>_
f ^E .	 w/A = Q, 30 pp^.z/a.	 A 11; 7.3	 i;,{{ ^	 c^	 ;.
^i
	
	
_	
;.
where p is the material density.
E	 1Z-1F39'
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where ^, is in feet and W/A is in 1b/ft2 , where K a;s a function of
material and section geometxy,and the remaining vari.ahles are specified
-based'-on the component size and operating conditions (p,cd). With
material density specified, K will depend on. the rib dimension, h, which
in turn is limited by practical size considerations (bending is a
factor but is not significant over the range of sizes considered
realistic for the Iii] design purposes}. Far example, for the design
of large MHD ducts [say 9.3.4 m (30 ft} long, 1.829 m (b ft) wide,
:.	 reasonable dimens3.ons for h would be between 0.609 to O. yl4 m (2 to 3 ft).
For smaller duct (or other components) sizes,.h would decrease.
On this basis and over the range of component szze for ^ ffiiD, the
following expression for K was developed (assu^.ng steel construction):
K^155-3.7.5 R
where Q is the characteristic unsupported dimension of the component
in feet and K is in lb/ft^.
This ribbed—plate support configuration served as the structural
design member for two of the i^FiD duct walls and all ^ remaining liquid--
metal ducting and components, including the dewar for the magnet. The
two ASfill duct walls ad ;}acent to the iron were designed assuming that
the iron pieces (see Figure A 3.1.7.1) interposed between the MHII ducts
served as load=bearing members. ^ese duct walls were designed from
flat dates assuming support T—beams at designated spacing along the
plate. One of the flanged ends of the Y —beams -rests against-the
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iron pieces. The thickness of the plate farming the side wall is
sufficient to support the lead between I-beams and is given by
fixing rib spacing at.0.304$ m (l2 in):
t, in
	
8.48 (p/ad)1/2
The spacing between the I-beams is determined from physical constraints
imposed by the design of the dewar:
The weights calculated for each 1^fEID component were based
on the geometry of the support stxucture described above. Weight
equations aced required sizing models fot•
 each specific component have
been summarized in Table I1.5.
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